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ABSTRACT 
The contents of this thesis have been div i ded into 2 parts . The 
first part deals with genetic studies carried out on 36 strains 
belonging to the Bacteroides f ragilis group . A number of mutants 
were isolated from several of the strains. A notable feature of the 
methods used was the low yield of mutants obtained and the marked 
sensitivity of these organisms to the mutagenic agents. Variations 
in colonial morphology was found to be a common feature amongst these 
organisms. In a few strains this phenomenon was clearly visible, 
in the remainder it was much weaker, and often could only be seen with 
the aid of a microscope . Colonial variation was found to be due to 
the ability of a proporti on of the cells to pruduce capsules or slime 
layers. The variants were found to segregate at high frequency and 
different growth conditions were found to have little effect on the 
segregation frequency or capsule formation . A number of phages 
specific for B. fragilis and B. t hetaiotaomicron were isol ated. All 
these phages were virulent and attempts to induce lysogenic phages 
were unsuccesful . The use of these phages in attempts to obtain 
transduction proved unsuccessful. A phage carrier state was found 
to occur in the majority of the phage-host cell systems, which seemed 
to be due to the presence of phage-resistant encapsulated cells in the 
population. Bacteriocins were produced by about half the strains, 
these inhibited the growth of a high proportion of the 36 strains 
tested. The bacteriocins were released into the growth media at the 
end of the growth period in the 2 bacteriocins tested. A link between 
the mode of action of one bacteriocin and rifampicin-resi stance was 
investigated. All the bacter iocins tested were found to be inactive 
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against some rifampicin-resistant mutants of a susceptible strain, 
suggesting a common mode of action. The presence of capsules in 
some cells appeared to confer bacteriocin-resistance on these variants. 
The second part of the thesis deals with a study of the physiological 
responses of a single strain of B.fr agiZis to ultraviolet radiation. 
This strain was found to be more sensitive to ultraviolet radiation 
under aerobic conditions. The amount of pyrimidine dimers formed 
after irradiation under anaerobic and aerobic conditions, was not 
found to differ significantly, indicating that the increase in 
sensitivity under aerobic conditions was not due to an increase in DNA 
damage. The use of repair inhibitors and the survival characteristics 
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indicate that this difference was due to decreased repair capabilities 
under aerobic conditions. Liquid holding recovery in B.fragiZis was 
found to occur under aerobic conditions . This process was brought 
about by excision repair and appeared to be due to a decrease in repair 
efficiency under aerobic conditions. Under anaerobic conditions, where 
full repair capabilities were present, liquid holding recovery was 
inhibited. Both minimal medium recovery and fluence dependent filament 
formation were found to occur in irradiated B.fragiZis cells. 
The survival kinetics of a number of irradiated B.fragiZis phages were 
determined and a number of phage reactivation processes were investigated. 
Little or no host cell reactivation appeared to occur in the strains 
investigated, however, some ultraviolet reactivation and multiplicity 
reactivation was found to occur, but only under anaerobic conditions. 
Photoreactivation was found to be absent in this organism, but an excision 
repair system was present . The excision repair system was partially 
characterized and was found to resemble short patch excision repair in 
E. coli . Evidence was found which suggested that a second mode of 
repair which was sensitive to oxygen, also occurred in this strain. 
This repair system which appeared to be responsible for error-prone 
repair, and the systems which were responsible for ultraviolet 
reactivation and multiplicity reactivation, seemed to be dependent 
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on a recombination function' which was inhibited by oxygen. The 
significance of this finding for future genetic studies was discussed . 
CHAPTER I 
GENERAL INTRODUCTION 
The exi stence of anaerobi c bacteri a was di scovered by Pasteur just 
over a hundred years ago, and it was he who introduced the terms 
aerobic and anaerobic to designate microbes which were able to 
grow in the presence and absence of oxygen. Anaerobic bacteria 
comprise a large and diverse assemblage of forms, which include 
both autotrophs and heterotrophs. Present day evidence indicates 
that much of the early phase of biological evolution occurred in 
a world which was totally anaerobic, and that the present oxygen 
containing biosphere has been a relatively late development, re-
sulting as a consequence of photosynthesis. It seems probable 
that the majority of extant anaerobic prokaryotic groups are 
di rectly descended from the early anaerobi c forms. Oxygen is 
exceedingly useful both in bioenergetic and biosynthetic metabolism, 
but organisms that utilize oxygen must maintain defences against its 
deleterious effects . Oxygen is toxic to organisms mainly because of 
the reactivity of the intermediates and the entities that may be 
generated by these active products . The topic of oxygen toxicity 
has been reviewed by O'Brien & Morris (1971), Morris (1975 & 1976) 
and Fridovich (1972, 1975 & 1977) and the following information has 
been obtained from these reviews . 
Oxygen most commonly exists in the inactivated ground state which is 
called triplet oxygen (302 ), Singlet oxygen is a higher energy form 
of oxygen formed when the two outer electrons achieve antiparallel 
spins, either in the same orbitals or in separate orbitals (Morris 
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1975, 1976). Singlet oxygen is extremely reactive and is one 
of the forms of oxygen that is toxic to living organisms . It 
may be produced chemically in a variety of ways and is an atmos-
pheric pollutant in smog . Singlet oxygen may also be produced 
biochemically through the action of certain enzyme systems or 
the action of visible light. The reduction of 02 to H20 which 
occurs during respiration requires the addition of four electrons. 
This reduction usually occurs by single electron steps and the 
first product formed in the reduction of 02 is the superoxide 
anion 02 ' Flavines, flavoproteins,quinones, thiols, and iron-
sulphur ,pr:oteins all c;arry out one-electron reductions of oxygen 
to superoxide. This intermediate which is probably produced 
transiently in small amounts during normal respiratory processes, 
is highly reactive and can cause oxidative destruction of lipids 
and other biochemical components. The next intermediate in the 
reduction of oxygen is peroxide, which is formed biochemically 
during respiratory processes by a two-electron reduction of 02' 
generally mediated by flavoproteins . It is probably produced in 
sma 11 amounts by a 1 mos tall organi sms growi ng aerobi ca lly. Hydro-
xyl free radical OH· is the most reactive of the various oxygen 
intermediates. It is the most potent oxidizing agent known and 
is capable of attacking any of the organic substances present in 
cells . Hydroxyl radical is formed as a result of the action of 
ionizing radiation, and can also be produced chemically via a 
reaction (mediated by ferri c iron) between superoxide and 
• peroxide 02 + H202 -4 OH + OH + 02' Thus in any living 
system in which superoxide and peroxide are generated simultan-
eously, there is the possibility of the biochemical formation 
of hydroxyl radical. 
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Thus the two main toxic products of oxygen produced during its 
reduction are O2 and H202, and the entities that may be generated 
by these active products. Aerobic, facultative and some anaerobic 
organisms possess enzymes which are capable of scavarging both O2 
and H202. Catalases and peroxidases have long been known to 
consume H202and more recently superoxide dismutase (SOD) has been 
shown to eliminate 0; (McCord & Fridovich, 1969). Anaerobes can 
be considered as those organisms unable to use oxygen as a terminal 
electron acceptor in the generation of energy usually because they 
lack the terminal cytochromes that transfer electrons to O2. They 
fall into two groups,aerotolerant and aerophobic. Aerotolerant 
anaerobes do not use O2 but are not drastically harmed by it and 
they are able to grow both in the absence or presence of oxygen. 
Aerophobic anaerobes, more commonly called obligate or strict 
anaerobes cannot grow in the presence of oxygen. Morris (1975) 
defined an obligate anaerobe as "an organism which is capable of 
generating energy and synthesizing its substance without recourse 
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to molecular oxygen and demonstrates a singular degree of adverse 
sensitivity to oxygen which renders it unable to grow in air at 1 
atmosphere". Obligate anaerobes differ markedly in their sensitivity 
to oxygen (Fredette et al., 1967; Loesche, 1969; Tally et al., 1975; 
Walden & Hentges, 1975; Rolfe et al ., 1977; Rolfe et al ., 1978). 
Loesche (1969) distinguished between two subgroups recognizable among 
the obligate anaerobes, strict anaerobes which were incapable of 
growth on plates when the atmosphere contained more than 0,5% oxygen 
and moderate anaerobes which would grow on plates in the presence 
of oxygen as high as 2 to 8% and which could be exposed to air for 
60 to 90minwithout appreciable loss of viability. It should be 
noted however, that many organisms which behave as strict anaerobes 
when first isolated, become more tolerant after subculture (Willis, 1969) . 
The difference in oxygen tolerance in different strains of anae-
robes shows a general relationship to the effectiveness of the 
defence mechanisms possessed by the bacteria against the toxic 
products of oxygen reduction (McCord et al., 1971 ; Gregory et 
al.. , 1978; Hassan & Fridovich, 1979). However, the reasons why 
obligate anaerobes are intolerant of oxygen is still not comple-
tely understood. The action of oxygen in obligate anaerobes 
appears to occur in two phases (Morris, 1975). During the first 
phase,exposure to oxygen has a bacteriostatic effect, and the 
organism appears to be able to protect itself by use of its 
metabolic reducing power to detoxify oxygen. In many moderate 
anaerobes there is ample evidence to show that although growth 
ceases, they are capable of withstanding long exposures to 
aeration without significant loss in viability. The only effect 
of oxygen appears to be a cessation of growth and metabolism and 
recovery is rapid when anaerobic conditions have been restored 
(Loesche, 1969; O'Brien & Morris, 1971; Onderdonk et al., 1976). 
This indicates that many anaerobes are able to sustain viability 
under aerobic conditions by diverting their reducing power to 
scavange' molecular oxygen at the cost of depressing metabolic 
function. A similar phenomenon appears to occur in some aerobic 
bacteria (e.g. nitrogen fixing bacteria) which utilize reducing 
power to scavange molecular oxygen so as to protect key oxygen 
labile components from the action of oxygen (Drozd & Postgate, 
1970; Jones et al. , 1973). 
During the second phase, exposure to oxygen becomes bacteriocidal 
to the cell. The cell appears to be no longer able to overcome 
the effects of oxygen and irreversible damage leading to cell 
death results. A number of hypotheses have been proposed to 
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account for the lethal effects of oxygen in anaerobes, and these 
have been reviewed by Smith & Holdeman (1968), Morris & O'Brien 
(1971) and Morris (1975,1976). Morris (1976) has summarized the 
main hypotheses which have been proposed to account for the sens-
itivity of anaerobes to oxygen as follows:-
(A) Oxygen is Toxic 
(1) Presence of free oxygen in the culture medium is 
incompatible with the attainment and maintenance 
of low cul ture Eh value required for growth. 
(2) Preferential reduction of exogenous oxygen drains 
the organism of reducing power which it requires 
for biosynthetic purposes. 
(3) The anaerobe is particularly vulnerable to oxygen 
because its metabolism and growth depends on key 
components liable to auto- oxida ti on. 
(4) Growth i s inhibited due to oxidation of a key meta-
bolic regulation, presumed either to react directly 
with oxygen or to be in equilibrium with another 
auto-oxidizable redox couple. 
(B) Oxygen is not itself toxi c 
(1) Toxic products accumulate in nutrient media exposed 
to oxygen. 
(2) Toxic products (or by-products) are invariably formed 
by the interaction of oxygen with reduced cell constit-
uents such as iron sulphur proteins, tetrahydropteridines, 
flavoproteins, as well as the action of certai n oxidases 
and flavin dehydrogenases (hydrogen peroxide, superoxide 
anion, hydroxyl radical and singlet oxygen are the chief 
contenders) . 
Early assumptions that oxygen is toxic by virtue of its excellence 
as an oxidant have not been borne out by experimental evidence. The 
fact that many moderate anaerobes are capable of withstanding long 
exposures to aeration without suffering an apparent damage argues 
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against anaerobes containing unique targets within the cel l 
which are sensitive to oxidation. In addition, the non-specific 
elevation of Eh in a culture by oxygen is not sufficient to 
account for the inhibition of growth in anaerobes (O'Brien & 
Morris, 1971; Onderdonk et al., 1976). Nevertheless, the addition 
of reducing agents which lower the Eh of the medium, has been shown 
to facilitate the initiation of growth of anaerobes, especially 
with small inocula (Morris, 1975). 
Recently the emphasis has shifted to the theory that obligate 
anaerobes contain both fewer and lower level s of the defensive 
agents known to b.e acti ve against the to xi c products of oxygen 
reduction. For a number of years it was thought that a lack of 
the enzymes catalase or peroxidase in anaerobes accounted for 
their oxygen sensitivity. However, Holdeman & Moore (1972) 
showed that a large number of obligate anaerobes produced these 
enzymes. There appear to be a number of reasons why catalase 
activity was previously undetected in anaerobes. A requirement 
for exogenously supplied hemin has been shown in Bacteroides 
species (Gregory et aZ ., 1977a) , In addition,Gregory et aZ.( 1977b) 
showed that catalase production in a number of Bacteroides species 
was suppressed by the presence of glucose and other carbohydrates. 
Since anaerobes are routinely cultured in med ia containing carbo-
hydrates, this would further explain why this enzyme might have 
escaped detection initially. Wilkins et aZ. (1978) have shown 
that a number of factors relating mainly to the availability of 
hemin also affect the production of catalase in Bacteroides. 
In addition to enzymes which are able to detoxify hydrogen peroxide, 
all aerobes and f 'acul tati ve organisms possess enzymes which 
are able to dispose of the superoxide anion harmlessly. t·1cCord 
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& Fridovich (1969) were the first to discover a group of enzymes 
which have been termed superoxide dismutases (SOD) . E.coli was 
shown to possess 2 such enzymes, an iron containing SOD which 
was located in the periplasmic space, and a manganese SOD which 
occurs inside the cell (Gregory et al., 1973) . McCord et al .. (1971) 
proposed the superoxide theory of obligate anaerobiosis, as a 
consequence of finding SOD activity lacking in strict anaerobes. 
They proposed that the lack of this enzyme accounted for the 
aero intolerance of anae robes . Later work involving mutants of 
E.coli which .lacked peroxi dase and catalase activity, and others 
which lacked SOD in addition, showed an enhanced susceptibility 
of these bacteria to the lethal effects of oxygen (Hassan & 
Fridovich, 1979). Although there does appear to be a correlation 
between the lack of SOD production and oxygen sensitivity, a 
large number of exceptions have been reported. An aerotolerant 
anaerobe Lactobacillus plantarium lacking both catalase and SOD 
was reported by Gregory & Fridovich (1974). Some SOD activity 
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was also found in various aero intolerant bacterial species including 
Chlorobium, Desulfovibrio and Clostridium (Morris, 1976) and Bacteroides 
distasonis (Gregory et al. , 1977a). In a survey of SOD in anaerobes 
(Gregory et al., 1978) found SOD present in 23 out of 28 of the 
Bacteroides strains tested . In addition several clostridia, anaerobic 
cocci and anaerobic Gram-positive non-sporing rods contained measurable 
SOD, although the frequency of SOD occurrence was much larger 
than in the Bacteroides. This data indi cated that there was a 
large variation in SOD levels between genera and among species 
within a genus of anaerobic bacteria . In several of the Bacteroides 
species the levels of SOD were greater than the enzyme levels 
reported in E.coli. However, these workers did find evidence to 
suggest that there was a dire ct correlation between SOD levels 
and the oxygen sensitivity of a particular strain. Correlations 
between SOD content and oxygen tolerance in Bacteroides was also 
reported by Carlson et a L (1977) and Tally et aL (1977), 
suggesting that SOD in anaerobes may be important in affording 
some protection to organisms exposed to air for short periods. 
Although the finding of SOD activity in a number of anaerobes 
does not disprove the argument of McCord & Fridovich, they do 
however indicate that further information of the ro l e of SOD in the 
sensitivity and tolerance of anaerobes is necessary . 
Present evidence indicates that there is probably no single 
cause of oxygen toxicity in anaerobes and that the differences 
between aerobes and anaerobes appear to be quantitative rather 
than qualitative. 
Although obligate anaerobes are restricted to growing in environ-
ments low in redox potential they have very widespread distribu-
tion . Anaerobic environments include muds and other sediments 
of lakes, rivers and oceans; bogs , marshes and many other 
environments containing decaying organic material; deep under-
ground areas such as i n oi 1 pockets and some underground waters; 
the intestinal tracts of animals; the oral cavity of animals 
especially around the teeth; certain sewage treatment systems; and 
canned foods . In most of these habitats the low redox potential 
is due to the activities of organisms, mainly bacteria, that 
consume oxygen during respiration. If no replacement oxygen is 
available the habitat becomes anaerobic. The vast majority of 
obligate anaerobes are prokaryotes. The only obligate anaerobes 
found amongst the eukarotes are certain groups of protozoa 
and it is probable that in most or all of these groups anaerobiosis 
has been acqui red as a secondary characteri sti c. 
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Anaerobes which inhabit the gastro-intestinal tract of man 
and laboratory animals, and the rumen of herbivors have been 
the subject of intensive study in recent years . The intes t inal 
tract of man is known to be anaerobic (Askevold, 1956; Moore et 
a~. , 1969) and the predominant flora (0.97%) has been shown to 
be anaerobic bacteria (Schaedler & Costello, 1963; Drasar, 1967; 
Finegold, 1969; Moore et al. , 1969; Haenel, 1970; Moore & Holdeman, 
1972). The number of bacteria increases down the digestive tract 
(Drasar & Hill, 1974) with few bacteriaoccurrin.g in the duodenum 
and jejunum, a more permanent flora in the ileum and larger 
numbers being present in the large intestine or faeces . The most 
prevalent micro-organism is B. fl'agilis with an average count of 
1010 to lOll per g and Moore et a~ . (1969) identified 46 % of the 
230 strains of faec al bacteria isolated from 2 people as belonging 
to this species. In addition, 36 other species were isolated from 
the same specimens. In addition to Bacteroides a number of other 
genera of Gram-negative and Gram-positive anaerobes are common 
(Dubos et a~ ., 1963 ; Drasar, 1967;Finegold, 1969; Moore et a~ ., 
1969; Finegold, 1970). 
The significance of the intestinal flora is still highly specula-
tive. Ruminants are dependent on bacterial action for the uti l i-
zation of their normal diet (Bryant & Burkey, 1953), but although 
bacterial products are absorbed by the body from the human colon 
the extent of their contribution to nutrition is uncertain. An 
intestinal flora is not essential for life, as generations of 
germ-free animals have been bred . The normal intestinal flora is 
also being increasingly implicated in cancer of the large intestine 
by virtue of their ability to metabolise procarcinogens to produce 
carcinogens (Drasar & Hill, 1974; Wilkins & Hackman, 1974; Salyers 
et al. , 1977). 
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In addition to the occurrence of anaerobic bacteria in the 
intestinal tract, anaerobes have been shown to outnumber aerobes 
30:1 on the mucous membrane of the mouth and 10:1 on the surface 
of the human skin (Rosebury, 1962). 
Anaerobes, especially the Gram-negative non-sporing bacilli of 
the indigenous microf1ora are recognised as important agents in 
clinical infections . They have been shown to be implicated in a 
variety of clinical conditions such as pneumonia, bacteremia 
appendiceal abscesses, peritonitis, diventricu1itis and post-
operative infections following abdominal surgery (Dubos et al., 
1963; Smith & Holdeman, 1968; Finegold, 1969; Finegold, 1970; 
Fe1ner & Dowell, 1971; Martin, 1971; Sutter et al., 1975). 
However, of the more than 300 anaerobic species known to reside 
in or on human body surfaces, only a few species are consistently 
isolated from serious infections (Kasper, 1979) and it is likely 
that virulence factors are important in the selection of these 
species . Organisms of the genus Bacteroides represent the major 
group of obligate anaerobes involved in human infections, and 
usually cause either bacteremia or localized abscesses (Kasper 
et al ., 1979). Of the numerous species of Bacteroides, B. 
fragilis is the single most frequent clinical isolate. Kasper 
et al. (1979) have also shown that encapsulated strains were able 
to produce abscesses in experimental animals whereas those lacking 
capsules were not. Although encapsulated strains of B. fragilis 
represent only about 0,5% of bacterial flora they account for 70- 80% 
of all clinical isolates. 
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Bacteroides~ in particular B.fragilis, presents a number of 
problems in chemotherapy as they are relatively resistant to 
a number of antibiotics (Finegold & Sutter, 1971; Thornton & 
Cramer, 1971; Kis1ak, 1972; t1artin et al.~ 1972; Sutter & 
Finegold, 1976). In addition an increasing percentage of 
bacteria isol ated from clinical infections are resistant to 
previously useful antibiotics (Nastro & Finegold, 1972; ~1urray 
& Rosenblatt, 1972). This has led to the speculation that 
antibiotic resistance may be plasmid coded in Bacteroides . 
Stiffler et aZ. (1974) were the first to report the presence 
of p1asmids in Bacteroides . They isolated p1asmids from 3 
strains of B.fragilis , all 3 contained small p1asmids with 
multiple copies per cell, and in addition one strain also 
contained a large plasmid which was present in only a few 
copies per cell. This initial report was followed by further 
reports . Dam1e & Syed (1975) isolated two p1asmids from strains 
of B. ochraceus and one plasmid from a strain of B. melaninogenicus ~ 
and Guiney & Davis (1975) isolated a single plasmid from B.fragilis 
and two p1asmids from a strain of B.ochraceus . In a further study 
by Tinnell & Macrina (1976) p1asmids from 2 strains of B. fragilis 
and two strains of B. thetaiotaomicron were characterized . 
It was initially thought that chromosomal and R plasmid transfer 
was inhibited in E. coli and other enterobacteri a under anaerobic 
conditions (Fisher, 1957; Mitsuhashi, 1965). However, Stallions 
& Curtiss (1972) showed that chromosome transfer in E. coZi can 
occur at high frequency under anaerobic conditions and Moodie & 
Woods (1973a) reported R plasmid transfer in E.coZi under anaerobic 
conditions. Later work by Burman (1975) showed that transfer of 
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certain R plasmids was unaffected by anaerobiosis while the 
t ransfer of others was blocked . Initial attempts to obtain 
transfer of antibiotic resistance between strains of E.coli 
and Bacteroides were unsuccessful (Anderson & Sykes, 1973; 
Guiney & Davis, 1975; Del Bene et aI. , 1976) . Burt and Woods 
(1976) did succeed in obtaining transfer of an R plasmid from 
E. coZi to Bacteroides after heat treatment of the recipient 
which possibly inhibited the restriction system of the anaerobe. 
A report of a successful multiple antibiotic transfer from 
B. fragilis to E. coli wa s published by Mancini & Behme (1977), 
however, the individual resistance markers were unstable in the 
transconjugant and the presence of closed circular plasmid DNA 
was not demonstrated in either the B. fragiZis donor or the 
E.coli recipient. Guiney & Davis (1978) were the first to 
positively identify an R factor harboured by a Bacteroides strain. 
The pG10 plasmid of B.ochraceus has been identified as a 
conjugative plasmid carrying the genes to tetracycline, 
chloramphenicol kanamycin and streptomycin. They showed that 
this plasmid could be transferred to E.coli by conjugation and is 
stably maintained in the recipient. Recently 4 reports of plasmid 
mediated transferable resistance between Bacteroides strains have 
appeared in the literature. Tal ly et aZ. (1979) reported the 
transfer of clindamycin and erythromycin resistance between a 
strain of B. fragilis and B. thetaiotaomicron. Privitera et al. 
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(1979 a) reported the transfer of multiple anti bio t ic resistance 
(clindamycin, erythromycin and streptogramins) between strains of 
B. distasonis and B.fragilis and Welch et aZ .(1979) reported transferable 
lincosamide-macrolide resistance in Bacteroides . A fourth report by 
Privitera etal. (1979b) descr i bed the transfer of tetracycline resi stance 
between B. fragilis species which was induced by growing the donor 
bacterium in tetracycline before mating. Their results suggest 
that tetracycline resistance is borne on a transferable plasmid 
whose conjugative transfer requires activation of the tetracycline 
resistance genes and that a common regulatory mechanism involving 
both expression and conjugative ability may be involved. 
The finding of R plasmids which have conjugative activity in 
Bacteroi des has a number of important implications . The presence 
of R plasmids can only act to compound the problems which have 
al ready been encountered in chemotherapy . In addi ti on, obl i gate 
anaerobes far outnumber facultative anaerobes in the colon, and 
such large populations may provide scope for the evolution of new 
R plasmids. As transfer between Bacteroides and E.col i has been 
shown to occur (Guiney & Davis, 1978), Bacter oi des could provide 
a pool of resistance plasmids capable of infecting facultative 
pathogenes such as Salmone l l a and Shigel l a. 
Although plasmid transfer has been demonstrated in bacteroides, the 
transfer of chromosomal genes has not been observed. The need 
for genetic studies on obligate anaerobes, particularly in the 
areas of anaerobic physiology (Morris, 1975) and the causes of 
virulence (Bartlett & Onderdonk , 1979) appears to be essential 
for future progress. However,the difficulties of working with 
obligate anaerobes seem to have been responsible for failure to 
establish a system for genetic analysis and manipulation in any 
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of these organisms . Amongst the Gram-positive anaerobes, Clostridium 
perfingens appears to be a good candidate for such studies (Sebald 
& Costilow, 1975) . Amongst the Gram-negative anaerobes> B. fragi lis 
has been suggested as an appropriate choice due to its medical 
importance (Van Tassell & Wilkins, 1978). In addition, it has 
a number of characteristics which make it a suitable choice for 
such experiments. For example, it can tolerate prolonged exposure 
to air, it is possible to culture it on both complex and minimal 
media and it is relatively easy to isolate phages which infect 
these organisms (Van Tassell & Wilkins, 1978; Booth et al., 1979). 
With this end in view a study of some aspects of the genetics of 
several members of the IIBacteroides fragilis groupll was undertaken. 
The results obtained from the initial investigations indicated 
that further studies on some of the molecular aspects pertaining 
to mutation, recombination and repair might prove informative. 
The thesis has thus been divided into 2 parts. Part I dealing 
with a study of some aspects of the genetics of the B.fragilis 
group and part II dealing with the physiological responses of 
B.fragilis to far UV radiation. 
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PART I 
GENETIC STUDIES DN THE BACTEROIDES FRAGILIS GROUP 
CHAPTE R I I 
THE ISOLATION OF MUTANT S IN THE BACTEROIDES FRAGILIS 
GROUP 
2.1 INTRODUCTION 
Although Bacillus fragilis was fi r st described by Ve il lon & Zuber 
in 1898 it was not until the work of Holdeman & Moore (1974 ) that 
the taxonomy of thi s organism was placed on a sound footing. 
They examined 326 stains of bacteria with characteristics which 
fitted earlier descriptions of B.fragilis . They found clusters of 
strains within the group which had phenotypic characteristics that 
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were similar to those reported by Eggerth & Ganon (1933) for B.fragilis, 
B. thetaiotaomicron, B.distasonis , B.ovatus and B.vulgatus . However, 
since t he strains were morphologically and phenotypi cally quite 
similar and had similar guanine : cytosine ratios they regarded them 
as all belonging to subspecies of B. f ragilis . Later DNA homology 
studies by Cato & Johnson (1976) have shown that these subgroups are 
genetically distinct and for thi s reason the former subspecies have 
been reinstated to species rank. These species i nclude B.fragilis , 
B. thetaiotaomicron, B. ovatus , B.distasonis and B.vulgatus. Two 
previously recognized species, B.egger thii and B.uniformis homology 
group 3452-A and B. fragilis subspecies "a" are also included in this 
group (Johnson, 1978; Johnson & Ault , 1978) . However, these 
fo rmer sub s peci es ar e s t i 11 often refe r red t o as t he "Bacteroides 
fragilis Group" (Booth et al. , 1979) . 
In an early study on the growth requirements of B. fragilis , Tamimi et al. 
(1960) reported that it failed to grow in a chemically defined medium . 
Later work by Quinto (1962, 1966) and Quinto & Sebald (1964) showed 
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that these organisms had simple nutrient requirements and needed 
only glucose, minerals, hemin, bicarbonate and carbon dioxide for 
growth. In a further study on the nutr itional features of B.fr agilis 
Varel & Bryant (1974) found that the essential component whi ch was 
absent from the media of Tamimi et al. (1960) was hemin. They f ound 
that casitone provided sufficient hemin fo r growth, but when this was 
replaced by cysteine, no growth occurred. These workers developed 
a minimal medium which supported the growth of B. fragilis. Similar 
growth requirements were found for most other members of the genus 
Bacteroides (Caldwell & Arcand, 1974). Lev et al. (1971) reported 
that the hemin requirements of B.melaninogenicus could be replaced 
by succinate and vitamin K. This strain has been shown to form 
cytochrome b from the added heme (White et al ., 1962). However, 
strains grown on succinate differed from those grown on hemin, as 
they were not inhibited by cyanide (Lev et al ., 1971). 
Varel & Bryant (1974) also found that B.fragilis had a very limited 
ability to utilize organic nitrogen compounds such as amino-acids as 
the sole source of nitrogen and NH; is the preferred nitrogen source. 
Miles et al . (1976) reported that amino acids actually inhibit the 
growth of B.melaninogenieus , although this strain can utilize amino 
acids when present as peptides . Burt (1977) working with 
B.thetaiotaomicron, and Mossie et al . (1979) working with B.fragilis 
both reported that these strains were unable to incorporate labe lled 
amino acids . Varel & Bryant (1974) suggested that the great biosynthetic 
ability of these organisms is related to their ecological niche within 
the large intestine where many nutrients such as amino acids are in 
very low supply, whereas materials such as ammonia , heme and vitamin 
B12 must be available much of the time. This suggests that many 
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Bacteroides strains may be more permeable to peptides than to 
amino acids, as there is little survival value in the maintenance 
of systems (presumably transport systems) for the utilization of 
preformed cell monomers such as amino acids. However, it does not 
appear to be a universal feature of the group as Van Tassell & Wilki ns 
(1978) succeeded in isolating several amino acid auxotrophic mutants . 
from two strains of B. fragilis . Arginine has also been reported to 
be a growth limiting factor in another anaerobe, Eubacter ium lentum, 
where it appeared to be utilized as a sole energy source (Sperry & 
Wilkins,1976). 
The isolation of stable mutants is an essential step in any genetic 
study investigating the transfer of chromosomal markers. The 
literature contains very few reports of the isolation of such mutants 
from obligate anaerobes . Three mutant strains of Coprococcus species 
were isolated by Thompson et al . (1976) which could not utilise 
phloroglucinol as a carbon source . Sebald & Costilow (1975) isolated 
a group of specific auxotrophi c mutants in Clostridium perfringens 
which were used to examine the potential for exchange of chromosomal 
markers . Several auxotrophic mutants including both amino acid 
mutants and nucleotide mutants have been isolated from two strains of 
B.fragilis by Van Tassell & Wilkins (1978) using ethane methane 
sulphonate (EMS) as a mutagenic agent . They utilized a semi - selective 
penicillin enrichment technique to obtain these mutants, with the 
incorporation of clavulani c acid to increase the susceptibility of the 
B. fragilis strains to penicillin (WUst & Wilkins, 1978) . 
Although the report by Adelberg et al . (1965) on the optimum conditions 
for the uses of the potent mutagen N-methyl-N- - nitro -N-nitrosoguanidine 
(NTG) for the induction of mutants in E.coli is regarded as definiti ve 
by many workers, these methods are not suitable for all bacteria. 
Hopwood (1970) has pointed out that different organisms rarely 
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respond in precisely the same way to a mutagenic treatment or a mutant 
screening program . Consequently a number of different mutagenic 
treatments and selection techniques were attempted in order to obtain 
stable chromosomal mutants of B.fragilis. 
2. 2 MATERIALS AND METHODS 
2.2.1 BACTERIAL STRAINS 
The characteristics of the 36 strains of Bacteroi des used in this 
study are listed in Appendix I. The majority of the strains were 
obtained from the Department of Microbiology in the Faculty of Medicine 
at the University of Natal, Durban. The strains were isolated from 
clinical infections and identified in the Durban Department. Two 
strains were isolated in the Department of Microbiology at Rhodes 
University from faecal material, and one strain was donated by Dr. L.V. 
Holdeman, V.P.I . Anaerobe Laboratory, Blacksburg, U.S.A. 
The strains were maintained on brain heart infusion (BH1) agar slopes 
and beef liver anaerobe media and were subcultured at 6 monthly intervals. 
Attempts to store the cultures by freeze drying did not prove to be very 
successful. In addition all 36 strains were maintained on agar plates 
which were subcultured at 4 weekly intervals over a two year period in 
order to monitor variations in the colonial morphology on the strains. 
Strains being used in experiments were maintained on stock plates which 
were subcultured at weekly intervals. 
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2.2.2 ANAEROBIC TECHNIQUES 
A mixture of 0. 95% carbon dioxide (C02) and 5% hydrogen (H2) was used 
to provide an anaerobic atmosphere in the anaerobic glove box, anaerobic 
containers, and for gassing culture media . A mixture of commercial 
grade CO2 and H2 was passed through a deoxycatylist (Engelhard) and 
into a distribution manifold. The flow rate of the gasses was 
measured by means of rotameters (Air Products) and the proportion of 
gasses was controlled manually. The distribution system used for 
flushing anaerobic containers with the CO2 + H2 mixtures, and the 
gassing apparatus used to prepare pre-reduced anaerobically sterilised 
media (PRAS Media) are shown in Plate 2.1 A and B. 
PRAS media was prepared according to the methods of Moore (1966) and 
Hungate (1969) (See Appendix II). Anaerobic media contained reducing 
agents, and were stored under anaerobic conditions until required. 
Hungate tubes were used for liquid media andAstell roll tubes were 
used for agar slopes. Commercially available anaerobic jars (Gas 
Pack, and Baird & Tatlock) or large perspex containers which could 
hold 90 agar plates, were used for anaerobic storage and incubation 
of agar plates (Plate 2.1 A and C). As the perspex containers were 
not pressure vessels , anaerobic conditions were established by flushing 
with CO2 and H2 for 30 to 45 min . Approximately 5g of palladium 
catalyst and 200g silica gel (500 g for drying plates) were placed in 
the containers before perfusing. The gas-tight lids of the containers 
were fitted with 0 ring seals which allowed anaerobic conditions to 
be maintained in the containers for up to 4 weeks . 
The anaerobic glove cabinet used in this study has been described by 
Moodie and Woods (1973b) and it incorporated various features of the 
cabinets constructed by Aranki et al. (1969) and Leach et al. (1971) 
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PLATE 2.1 
(A) ANAEROBIC GLOVE BOX 
(B) ANAEROBIC GASSING APPARATUS 
(C) ANAEROBIC INCUBATION CONTAINER 
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{Plate 2.1 A). The cabinet was flushed with the CO2 + H2 gas 
mixture before and during use and the interior of the cabinet was 
kept under a slight positive pressure . In addition 0,5% palladium 
coated alumina pellets (c. 100g) were placed in a perforated metal tray 
in the cabinet to remove any traces of oxygen. If the cabinet had not 
been in use, gassing for 4 to 6 h was required to establish anaerobic 
conditions using a flow rate of 4-6 1 min- l . For routine use the 
cabinet was flushed for 3 h before use. The entry port on the side 
of the cabinet required flushing for 20 min. before materials could be 
transferred into the cabinet . 
As the Bacteroides strains used in this investigation could all tolerate 
short periods of exposure to air without suffering any loss of viability, 
many experimental manipulations were carried out on the laboratory 
bench . Inoculations into broth were either made by injection through 
the top of a Hungate tube or by inoculation with a platinum loop 
followed by perfusion of the tube with CO2 and H2. In a number of 
experiments however, all manipulations and procedures were carried out 
in the anaerobic glove cabinet so that at no time were cells exposed to 
oxygen during the experiment . 
2.2.3 THE GROWTH CHARACTERISTICS OF B.FRAGILIS 
The growth rates of 4 of the B.fragilis strains, (PS1, PS2, PB1, Pl), 
in BHl and liqui d minimal medium (M~1), \vere determined by measurt ng 
turbidity at 540 nm and calibration curves for each strain grown under 
a particular set of conditions were determined (Fig . 2.1). Calibration 
curves for the colorimetric determination of the concentration of 
B.fragilis cells in broth (number of c.f.u. ml-l ) were made using 
the results obtained from plate viabi lity counts (Fig . 2. 2) . The 
growth of B. fragilis cells in different variations of MM was determined. 
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2.2.4 
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VIABILITY OF B.FRAGILIS CELLS UNDER AEROBIC AND ANAEROBIC CONDITIONS 
The viability of B.fragiLis cells plated under anaerobic conditions 
in the glove cabinet, and under aerobic conditions on the laboratory 
bench was determined. The viability of B.fragiLis cells held for 24 h 
in a variety of holding solutions under non-growing conditions was 
determined, both for aerobically and anaerobically held cells, by 
means of plate viability counts . 
2.2.5 ANTIBIOTIC AND INHIBITOR SENSITIVITY TESTS 
The antibiotic susceptibility patterns of a number of strains of 
B.fragiLis were determined by the sensitivity disc method (Sapico 
et aL ., 1972). Minimal inhibitory concentrations (m . i.c.) values for 
different antibiotics, were determined either by inoculating fixed 
volumes of cells into BH l broth containing doubling dilutions of the 
antibiotic or inhibitor, or by streaking broth cultures onto BHl agar 
plates containing doubling dilutions of the antibiotic or inhibitor. 
The m.i.c. was defined as the lowest concentration which completely 
inhibited growth after incubation for 24 h. 
2.2.6 CELL SURVIVAL AFTER TREATMENT WITH MUTAGENIC AGENTS 
B.fragiLis cells were grown in BHl broth until mid exponential phase 
(00 = 0,3 or 0,5),and in some cases stationary phase cells (15 h) were 
also used. The cells were centrifuged and resuspended in BHl broth, 
0,1 M-Tris buffer (pH 7,6) or Ringer solution. Cells were then given 
treatments with a variety of mutagenic agents and samples were taken 
at fixed time intervals and the surviving fraction of cells determined 
by means of plate viability counts. 
(i) NTG Treatment 
NTG was added to exponential phase cells suspended in 
10 ml BHl broth or 0,1 N tris-maleate buffer pH 6,0 or 
9,0 to final concentrations of 100, 300 and 1 000 ~g 
-1 
ml . Cultures were incubated at 370 C and samples were 
removed at ! fixed time intervals, centrifuged and washed 
to remove the NTG. 
(ii) Ethyl Methane Sulfonate (EMS) . Treatment 
EMS was added to either exponential phase cells or 
stationary phase cells in BHl broth or suspended in 
buffer, to final concentrations of 0,5; 1, 0; 2,0 
and 2,5%. Cultures were incubated at 37 0C and samples 
were removed at fixed time intervals, and plated to 
determine the surviving fraction of cells . 
(iii) Nitrous Acid Treatment 
Sodium nitrate (NaNClz) (0,05 N) and acetate buffer, 
pH 4,5, (3 ml of each) were added to 5 ml exponential 
phase ce 11 s (aD 0,3) in BHl broth . Cultures were 
incubated at 370 C and samples were removed at fixed 
time intervals, diluted in broth and plated to determine 
the surviving fraction of cells. 
(iv) ICR 191 Treatment 
BHl broth (0,1 ml), 0,1 ml cells and 100 ~g ICR 191 were 
added to 0,8 ml MM and the cultures were incubated at 
Samples were removed at fixed time intervals, 
diluted in broth and plated to determine the surviving 
fraction of cells. 
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(v) Ultra Violet Radiation 
Cells in Ringer solution were diluted to 1 x 107 
cells ml- l and were irradiated with increasing 
fluences of UV radiation. Samples of the cell 
suspension were removed at fixed times and plated 
to determine the surviving fraction of cells. 
2.2.7 INDUCTION OF MUTANTS IN B.FRAGILIS 
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Four strains of B.fragilis (PS1, PS2, PB1, Pl) were treated with NTG, 
EMS and UV radiation as described in the previous section. In addition 
the method described by VanTassell & Wilkins (1978) for EMS treatment 
was also used. After treatment with the mutagens, bacteria were 
diluted and plated on BHl agar to determine the number of viable cells. 
The proportion of auxotrophs was determined by replicating from BHl 
agar plates onto MM plates (Lederberg & Lederberg, 1952). Non-
replicating colonies were checked by streaking on MM plates. 
Antibiotic resistant mutants were selected by plating high concentrations 
of cells onto gradient plates containing rifampicin, chloramphenicol, 
tetracycline, erythromycin, vancomycin, nitrofurantoin, carbenicillin, 
cephalosporin and metronidazole (See Appendix II). In addition, 
plates containing a fixed concentration of antibiotic were also used 
and the proporti on of anti bi oti c resi stant mutants vias deterrni ned. 
Temperature-sensitive mutants were selected by incubating replicates 
on BHl agar at 37 0 and 420 C respectively. The techniques for 
screening and selection of the other mutants (colonial morphology 
variants, phage resistant mutants, bacteriocin mutants and UV 
sensitive mutants) are described in the appropriate chapters. 
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2.2.8 ENRICHMENT PROCEDURES 
2.2.9 
After the cultures had been incubated in BHl broth to allow phenotypic 
expression, they were washed three times in Ringer solution, 
resuspended in MM broth and incubated at 370 C for 2 h to deplete any 
auxotrophic mutants of the internal nutrients . Penicillin (1 000 
~ g ml- l ) or carpenicillin (100 or 200 ~g ml- l ) or ampicillin (500 ~ g 
ml- l ) final concentration, were added to the cells and the change in 
00 resulting from lysis was monitored. When lysis had occurred the 
cells were washed 3 times in saline, diluted and plated on BHl agar. 
In some experiments, the enrichment technique of Molholt (1967) as 
described by Hopwood (1970) was used which involves two cycles of 
enrichment. The recently published enrichment technique using 
clavulanic acid,of Van Tassell & Wilkins (1978) was also used and 
this method was modified for attempts to isolate UV sensitive mutants 
(See 10.2.3). 
CHARACTERIZATION OF MUTANTS 
Auxotrophic requirements were determined by the pool-plate ·method of 
Holliday (1956). Back mutations of auxotrophic mutants were 
determined after further mutagenic treatment . 
2. 3 RESULTS 
2.3.1 GROWTH CHARACTERISTICS OF B.FRAGILIS 
All the wild type B. fragili s strains tested grew relatively well on the 
MM of Varel & Bryant (1974). The modified minimal media described 
by Van Tassell & Wilkins (1978) gave somewhat better growth with some 
of the strains . The addition of casamino acids stimulated growth 
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whereas the addition of amino acid mixtures had little effect on growth 
and in some strains a slight inhibition in growth occurred. 
2. 3.2 THE VIABILITY OF CELLS PLATED AND HELD UNDER AEROBIC AND ANAEROBIC 
CONDITIONS 
No loss in viability occurred when cells were plated on the laboratory 
bench during which time they were exposed to the air for c. 30 min. 
B.fragiLis cells held in various holding solutions under non-growing 
conditions for 24 hours showed a loss in viability to varying degrees. 
In cells held under aerobic conditions BHl solution and Ringer solution 
(RS) both showed quite good holding properties, with between 20 and 50% 
of the cells still being viable after 24 h (Fig. 2.3). Even when cells 
were continuously aerated by shaking for 24 h 10% of the cells were still 
viable . In cells held under anaerobic conditions both the anaerobe 
solution (AS) and the minimal salt solution (MS) had good holding 
properties with over 80% of the cells still being viable after 24 h 
(Fig . 2.4). No holding solution was found which had good holding 
properties under both anaerobic and aerobic conditions. 
2.3.3 ANTIBIOTIC SUSCEPTIBILITY TESTS 
The 4 strains of B.fragiLis tested for susceptibility to various types 
of antibiotics all show fairly similar sensitivity patterns (Table 2.1). 
The m. i.c. values for one of the strains (PS1) were determined 
(Table 2.2). 
2.3.4 INACTIVATION AND MUTAGENESIS BY MUTAGENIC AGENTS 
Treatment with NTG (100, 300 and 1 000 ~g ml- l ) resulted in a 
progressively rapid loss of viability in B.fragiLis cells (Fig . 2.5) . 
Sensitivity to NTG was much greater at pH 9 than at pH 6. EMS 
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TABLE 2.1 
Antibiotic sensitivity of B. fragiZis strains. 
B· fragiZis strains 
Antibiotic Concentration PSl PS2 PBl Pl 
Penicillin G 1,5 units R R R R 
Ampicillin 25 )19 R S R R 
Ca rbe n i c i 11 i 11 50 )19 R R R SIR 
Methacillin 25 )19 R R R R 
Cl oxaci 11 i n 5 )1 9 R R R R 
Cephalosporin 30 )1 9 R R R R 
Chloramphenicol 10 )1 9 S S S S 
Streptomycin 10 )1 9 R R R R 
Tetracycl ine 30 )1 9 S S S S 
Erythromycin 25 )19 S S S S 
Rifampicin 25 )19 S S S S 
Colistin 200 )1 9 R R R R 
Kanamycin 30 )1 9 R R R R 
Vancomycin 20 )19 S R R R 
Clindamycin 10 )19 S S S S 
Gentamycin 10 )19 R R R R 
Nalidixic acid 30 )1 9 R R R R 
Nitrofurantoin 15 ll9 S S S S 
Fusidic acid 30 )19 S S S S 
Metronidazole 5 )1 9 S S S S 
Tobramycin 10 ll 9 R R R R 
~1ynocyc 1 i ne 30 )19 S S S S 
Novob iocin 30 )19 S S S S 
Septrin 25 ll 9 SIR R S S 
Sulphonamide 300 )1 9 R R R R 
S = Sensitive R = Resi stant SIR = Partial sensitivity 
TABLE 2.2 
Minimum inhibitory concentration of antibiot i cs and inhibitors 
in B. fragilis st rai n PS1. 
Antibiotic 
Penicillin G 
Penicillin G + 10 )Jg clavulani c acid 
Carbeni ci 11 i n 
Cephalosporin 
Chloramphenicol 
Naladixic acid 
Rifampicin 
Tetracycline 
Nitrofurantoi n 
Vancomycin 
Erythromyci n 
Inhibitors 
Caffeine 
Acraflavin 
Sodium arsenite 
-1 m.i.c . )Jg ml 
250 
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Fig. 2.6. Inactivation of B. fragilis 
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( ... ) and 2,S% v/v (0), and in stationary 
phase cells at 1,0% v/v (A). 
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treatment in buffer held cells under aerobic conditions resulted in 
a much greater loss of viability than cells treated in BHl broth 
under anaerobic conditions . In buffer held cells,90% of the cells 
were still viable after 20 min . exposure to 0,5% EMS (v/v), whereas 
less than 0,01 % of the cells were viable after 3 min when cells were 
treated with 2.5% EMS (v/v) (Fig. 2.6). Stationary phase cells were 
found to be less sensitive to EMS treatment than exponential phase 
cells. When 2,5% EMS was added directly to cells in BHl broth there 
was 0 .10% survival after 20 min. Exposure to nitrous acid proved 
very toxic with less than 0,01 % of cells still remaining viable after 
30 min (Fig. 2.7). With ICR 191 treatment, 0 .2,5% of the cells were 
still viable after 60 min (Fig. 2.7). Exposure to UV radiation 
caused a rapid loss in viability of B.fragiZis cells, stationary phase 
cells were less sensitive than exponential phase cells (Fig. 2.8). 
No auxotrophic mutants were obtained after treatment with nitrous acid, 
ICR 191, NTG at pH 9, or UV radiation. A small number of auxotrophic 
mutants was obtained after treatment with NTG at pH 6 and EMS 
(c 0,1 %). In addition a number of antibiotic resistant mutants 
was also isolated using these treatments (Table 2.3) . 
2.3.5 ENRICHMENT OF MUTANTS 
The enrichment techniques used initially produced very little increase 
in the number of auxotrophic mutants, in spite of numerous variations 
tried. The one experiment attempted later using the method described 
by Van Tassell & Wilkins (1978) indicated that this method was superior 
to the methods used in the early part of this study. 
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TABLE 2.3 
Mutants isolated from two strains of B.fragiZis. 
r~ 
B. frafJi Z is strains 
~ Type of mutant PSl PS2 
Auxotrophic Peptide mutants 46 31 
Vitamin mutants 2 0 
Rifampicin 42 
Erythromycin 14 ,..; 
" .' , 
-. 
Vancomycin 15 
Antibiotic resistant Nitrofurantoin 4 
mutants Chloramphenicol 0 
Tetracycline 0 
Carbenicillin 1 
Temperature sensitive mutants 0 
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2.3.6 CHARACTERIZATION OF MUTANTS 
A total of 79 auxotrophic mutants (mutants which would grow on complete 
media but not on MM) were isolated from 2 strains of B.fragilis . Of 
these 77 of the mutants were found to grow on MM supplemented with 
peptone of various types but all grew very poorly or not at all on 
MM supplemented with casamino acids or pooled amino acids. In spite 
of numerous attempts, no individual amino acid mutants could be 
isolated from either of these two strains. Two of the auxotrophic 
mutants grew on MM supplemented with pooled vitamins . One of these 
mutants was a nicotinimide mutant, the other would not grow on any 
media supplemented with individual vitamin solutions. Using the 
micotinimide mutant no back mutation was observed after further 
mutagenic treatment . 
2.4 DISCUSSION 
B. fragilis has been described as a moderate anaerobe by virtue of its 
ability to withstand exposure to room atmosphere for periods of at 
least 60 min without loss of viability (Loesche, 1969). The results 
of the experiments in which cells were held in buffers under aerobic 
conditions showed that the effect of oxygen was mainly .bacteriostatic. 
The bacteriostatic effect of oxygen on growing B.fragilis cells has 
been reported by Onderdonk et al. (1976). The various holding 
solutions tested showed a marked difference in their holding properties 
under both anaerobic and aerobic conditions. The reasons for this 
difference in holding ability is not known. 
The scarcity of reports on the isolation of mutants from anaerobic 
bacter ia might suggest that a certain amount of difficulty has been 
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encountered in attempts to isolate mutants from these organisms using 
standard techniques. In attempting to isolate mutants from 
B. thetaiotaomicron>Burt (1977) experienced considerable difficulty . 
Van Tassell & Wilkins (1978) also mention that a number of mutagens 
were tried before a successful method was obtained for the isolation 
of auxotrophic mutants in B. fragili s. In this study two features 
of the mutagenic treatments tried, have emerged. One has been the 
very low yield of all types of mutants which were obtained . The 
second feature was the marked sensitivity of B.fragilis to the mutagenic 
agents . Compared with the mutation yield of well known aerobic 
bacteria such as E. coU , where Adelberg et aL (1965) were able to 
-1 
obtain 42,5% auxotrophs after treatment with 1 000 ~g ml NTG, the 
yields obtained for B. f ragilis cells subjected to a similar treatment 
were of the order of c. 0,1 % wi th a maximum of about 0,5%. To some 
extent these low yields can probably be attributed to the relatively 
ineffective enrichment techniques used. However, this difficulty has 
been largely overcome by the penicillin- clavulanic acid enrichment 
technique of Van Tassell & Wilkins (1978) . In addition to auxotrophic 
mutants, the yields of antibiotic resistant mutants were also found 
to be low, and were of the order of 1 in 108 cells or less. The 
results obtained from the inactivation experiments indicate that the 
mutagenic agents were all able to act as very potent inactivating or 
killing agents in B. f ragi lis . This indicates that it is unlikely 
that the mutagenic agents are being inactivated or reduced in an 
obligate anaerobe such as B. f ragilis . It is interesting to note that 
the two mutagenic agents which were tested (EMS and UV radiation), 
stationary phase cells were more resistant to the effects of 
, 
the mutagens . One possible explanation for the low yield of mutants 
obtained is that the bactericidal effect of the various mutagens is 
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enhanced in B.fragi lis in the presence of oxygen, causing a rapid drop 
in viability, so that very few sublethally damaged cells survive. 
Unfortunately this facet was not appreciated at the time that the 
program aimed at isolating mutants was carried out,and unfortunately 
the effects of oxygen enhancement of mutagenic inactivation was not 
investigated. However subsequent work on inactivation by UV radiation 
has shown that a marked oxygen effect is present, and the implications 
are discussed in Part 2 of this work . 
The lack of success in isolating specific amino acid auxotrophic 
mutants in the two strains of B. fragilis used in this study, suggests 
that these strains may be unable to take up amino acids. These 
findings are in keeping with a number of other reports which indicate 
that some strains of Bacteroides are only able to utilize amino acids 
poorly, or not at all . 
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CHAPTER I I I 
COLONIAL PHASE VARIATION IN THE BA CTEROIDES FRAGILIS GROUP 
3.1 INTRODUCTION 
Of the more than 300 species of anaerobic bacteria which are known to 
occur as part of the normal flora of the human body, there are only 
about 6 species which are consistently isolated from clinical infections 
(Finegold e t a l . > 1977). Virulence appears to be an important factor 
in the selection of the limited number of species \'ihich are commonly 
found in septic processes. Virulence in bacteria has been attributed 
to a number of factors. Many pathogens are known to produce specific 
virulence enhancing substances such as enzymes and toxins. In other 
bacteria the virulence factors have been shown to be part of the .normal 
components of the outer surface of the cell. In many Gram-negative 
bacteria complex lipopolysaccharides (LPS) which form part of the cell 
wall are able to act as endotoxins. In other groups of bacteria the 
possession of an anti phagocytic polysaccharide capsule has been shown 
to confer virulence on the organisms. 
Amongst the Bacteroidaceae a considerable amount of interest has been 
focused on the nature of the surface layer of the cell, both in 
relation to the possible role of these components as virulence factors, 
and in relation to the immunological responses of the host to infections 
by Bacteroides . The nature of the surface antigens of the Bacter oidaceae 
and their relationship to immune responses, immunoprophylaxis, and the 
serological detection and classification of members of this group has been 
reviewed recently by Hofstad (1979). 
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Of all the anaerobes B. fragiZis has been the most frequently isolated 
from clinical specimens (Washington, 1971; Thadepalli et aZ ., 1973 a, b; 
Chow & Cuze, 1974; Swenson et al., 1974; Mathi as et al. , 1977; 
Polk & Kasper, 1977). The distribution of B.fragiZis has been shown 
to be markedly different in the normal flora and infected sites . In 
the colon (the usual source of B.fragiZis in septic infections) B.fragiZis 
only accounts for c . 0.5% of the colonic microflora, and is greatly 
outnumbered by the species B.distasonis, B. thetaiotaomicron, and 
B. vuZgatus . In clinical isolates B. fragiZis is the dominant form and 
accounts for c . 80% of all isolates (Jones & Fuchs, 1976; Polk & 
Kasper, 1977; Lindberg et aZ ., 1979). The predominance of this species 
in clinical isolates strongly suggests that it possesses unique virulence 
properties. 
Encapsulation in B. fragiZis was reported by a number of the early workers 
(Hofstad, 1979) and both the role of the capsule and LPS, in virulence 
has been investigated in B.fragiZis. Kasper et aZ . (1979) concluded 
that although the LPS of B. f r agi Zis has some of the chemical and physical 
properties of an endotoxin it lacks the biochemical properties of a 
true endotoxin and is thus unlikely to play any major role in the 
virulence of this organism . In B. fragiZis the relationship between 
the presence of a capsule and virulence still appears to be unclear. 
Kasper et aZ . (1977) reported that the possession of a capsule was unique 
to B. fragiZi s, and Onderdonk et aZ . (1977) reported a correlation between 
the presence of a capsule and virulence . In a further study they 
demonstrated that abscess formation in rats could be directly attributed 
to the capsular polysaccharide (Kasper et aZ. , 1979) . 
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However the findings of a number of other workers have not been in full 
agreement with these workers . Beerens et al .(1963) reported varying 
degrees of encapsulation in members of t he gen us Egger theUa (Bacteroides ) . 
Babb & Cummins (197B) supported these earlier observations when they 
found that the presence of capsules was not restricted to B. fragilis . 
They reported some degree of encapsulation was also displayed by most 
strains of B. vulgatus, B. thetaiotaomicron and B. ovatus as well as 
B. f r agilis . Lindberg et al. (1979) also found that the strains of 
B. distasonis , B.ovatus, B.thetaiotaomicron, B.uniformis and B. vulgatus 
whi ch they exami ned all showed va ryi ng degrees of encapsul ati on . They 
found that c . 80% of B. fragilis and c . 30-40% of B. ovatus, B.thetaiotaomicron 
and B. uniformis and c . 5% of B. vulgatus and B. distasonis cells were 
encapsulated when examined under the light microscope using the Indi a-
ink staining method, and under the electron microscope using the 
ruthenium red staining method. Their results also indicated that the 
proportion of encapsulated strains isolated from faecal material and 
clinical infections were about the same. In addition the presence of 
a capsule has also been reported in a strain of B.thetaiotaomicron which 
exhibited colonial variati on (Burt et al ., 1978) and the presence of a 
capsule has also been reported to be associated with pathogenicity in a 
strain of B.melaninogenicus (Takazoe et al. , °1971) . 
Some of the differences in findings reported by Kasper, Onderdonk and 
their co-workers and those reported by other workers, appears to be due 
to differences in opinions as to what constitutes a capsule. Kasper 
(1976) defined the capsule in B. fragilis as an antigenic high molecular 
weight polysaccharide material external to the multilayered cell wall 
which could be made visible in the electron microscope by staining with 
ruthenium red, and which was about 0,2 ~m in width. This external 
polysaccharide was found to be species specific for B . fragi~is (Kasper 
et a~. , 1977) and it is thought that it may playa role in in vivo 
adhesion (Kasper et a~., 1978). The polysaccharide of Kasper may 
represent a cell surface antigen rather than a true capsule (Babb & 
Cummins, 197B; Hofstad, 1979) . The use of sodium deoxycholate to 
separate the antigen from other membrane components also supports this 
suggestion. Babb & Cummins (1978) found that there was no direct 
correlation between the presence of a capsule and virulence, when 
assessing the presence of encapsulated cells, in the more classical 
sense (as referring to structures external to the cell wall and 
easily visible under the light microscope) . 
A number of workers have reported that the presence of a capsule(as 
determined using a light microscop~may only occur in a proportion of 
the cells in a population. Babb & Cummins (1978) found that the 
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proportion of encapsulated ce lls varied among the different strains b~t 
represented c. 10% or less of the total cell number for most isolates. 
However, in a few strains all the cells in the population were encapsulated . 
In an investigation of pseudolysogeny in Bacteroides phages, Booth et a~. 
(1979) reported that the phenomenon appeared to be due to the formation 
of a large capsule by a small proportion of the cells in the culture 
(c . 10% of the cells) and that this capsule interfered with the 
attachment of the phage to the cell . In a report by Burt et a~. (1978) 
a strain of B. thetaiotaomicron was described which exhibited colonial 
variation associated with the presence and absence of encapsulated 
cells. This strain segregated 2 unstable colonia l variants at high 
frequen cy, the one colony type was characterized by being circular, 
entire, white, opaque, mucoid and convex in appearance and the 
majority of cells from this type of colony were found to be 
encapsulated. The other colony type was circular, entire, greyish, 
semitranslucent, with a fried egg type appearance and most of the 
cells from this colony type were found to lack capsules. Both 
colony types were unstable and always gave some colonies of the 
opposite type when plated out. These workers also reported that the 
encapsulated cells were resistant to a phage (81) which was able to 
infect non-encapsulated cells. 
In addition to the presence of surface layers, micro-capsules, true 
capsules and slime layers in many species of Bacteroides~ the presence 
of a glycocalyx consisting of loose fibrous materials and extensive 
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thin fibrils has been reported to occur in strains of B.asaccharolyticus 
and B.melaninogenicus isolated from oral infections (Woo et al.~ 1978; 
Lai & Listgarten, 1978; Woo et al.~ 1979). 
The numerous reports documenting a variety of different surface 
structures in different species of Bacteroides suggests that the 
possession of such structures is a common feature of this group. The 
nature and role of these surface layers appears to be complex and their 
role in cell adhesion, cell-cell interactions, virulence and phage 
resistance are still far from being completely understood. 
In this study the presence of capsules or slime layers in the various 
strains of Bacteroides was determined, and their relationship to colonial 
phase variation, pseudolysogeny, phage resistance and bacteriocin 
resistance was investigated. 
~ 
. . 
. i 
3.2 METHODS 
3. 2.1 EXAMINATION OF COLONIAL MORPHOLOGY 
In strains showing strong colonial variation the phenomenon was clearly 
visible on examination of the culture plates (Plate 3.1 F). Strains 
showing weak colonial variation were examined using a stereoscopic 
zoom microscope with a magnification of x10 to x45 (Bosch & Lomb), 
and fitted with a built in illumination source which allowed viewing 
with both transmitted and reflected light . In addition weak colonial 
variation was also enhanced by staining the colonies with a variety of 
common microbiological stains. Methylene blue was found to be one of 
the most suitable stains for this purpose. 
3.2.2 LIGHT MICROSCOPY 
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Both agar- and broth-grown cells were examined using a Zeiss RA microscope 
fitted with phase contrast optics and equipped with a photomicrographic 
camera. To demonstrate the presence of an extracellular layer the 
India-ink wet-mount technique was used. Earlier studies in which cells 
were examined for the presence of extracellular material using an 
electron microscope to visualize thin sections stained with ruthenium 
red gave similar results to those obtained with the light microscope. 
As this technique was time consuming and appeared to give limited 
additional information it was not used in this investigation. 
3.2.3 THE DYNAMICS OF COLONIAL PHASE VARIATION 
The two types of colonies present in a number of stains were cloned 
c . 30 times over a 2 month period. The proportion of cells giving rise 
to colonies of the opposite colony type was determined by suspending 
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cells obtained from a single colony in 10 ml of Ring er solution and plating 
onto BHl agar immediately . The frequency of segregation of the two 
cell types from each colony type was determined by plating after 18 h 
growth in BHl broth . 
3.2.4 ENVIRONMENTAL EFFECTS ON COLONIAL VARIATION 
Selected Bacteroides st rains were grown under different growth conditions 
to assess the effect on colonial variation and the production of 
extracellular material . Plate cultures were incubated at 20,25,30, 
37 and 420 C to determine the effect of temperature . The effect of pH 
was determined by growing cells on BHl agar plates buffered at various 
pH levels (pH 5,8; 6,0; 6,4; 7,4; 7,8; 8,0) (See Appendix II 4.3.1). 
The effect of oxygen was determined by incubating agar plates in the 
presence of varying amounts of air (1, 2, 5, 10, 15, 20 and 25% air) . 
The agar plates were placed in an anaerobic jar which was connected to 
a manometer and the jar and manometer were flushed with an anaerobic 
atmosphere for 20 min. The required proportion of the anaerobic 
atmosphere was then evacuated and replaced with a corresponding volume 
of air. The effect of light was determined by inoculating and 
incubating the agar plates either in the absence or presence of light. 
The effect of different nutrients was determined by plating selected 
strains of Bacteroides onto a variety of different nutrient media with 
or without additional nutrient supplements. 
3.2 .5 INDUCTION, CURING AND MUTAGENESIS 
Attempts were made to try and alter the frequency of colonial variation 
and capsule production in a number of different strains of Bacteroides 
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by subjecting them to a variety of mutagenic and plasmid curing agents . 
Exponential phase cultures of each colony type were exposed to treatments 
with UV radiation and NTG as described in 2.2.7. The two types of 
cells were also grown in the presence of increasing concentrations of 
m,·tomyc,·nC(OOl· 01· 1· 10"gml- l ) ,·n both l,·qu,·d and sol,·d , , ", " 
culture medi a . The effect of acri fl avi ne, ethi di um bromi de or sod i'um-
dodecyl sulphate (SOS) was determined by inoculating buffered BHl 
broth (pH 7,6) containing doubling dilutions of acriflavine (1 - 32 ~ g ml- l ), 
ethidium bromide (0,5 - 10 ~ g ml- l ) or SOS (0,05 to 5%) with diluted 
exponential phase cells obtained from the two colony types. 
were plated onto BHl agar plates after 24 h incubation. 
3.2.6 ANTIBIOTIC SENSITIVITY OF THE TWO COLONY TYPES 
The cell s 
The sensitivity of the two colony types from various Bacteroi des 
strains to the following antibiotics was determined by the sensitivity 
disc method: ampicillin, clindamycin, chloramphenicol, erythromycin, 
fusidic acid, metronidazole, mynocycline, nitrofurantoin, ni cene, 
novobiocin, septrin, tetracycline . 
3.3 RESULTS 
3.3.1 COLONIAL PHASE VARIATION IN THE BACTEROIDES FRAGILIS GROUP 
A strain of B. thetaiotaomicron which segregated 2 unstable colonial 
vari ants at hi gh frequency was reported by Burt et al. . (1978) . In 
addition to this strain which was included in this investigation (RV4) 
the other 35 strains of Bacteroides were also examined to see if similar 
colonial variations occurred. Three of the strains of B. fragil. i s , 
RV1, RV2 and RV3 were found to show clearly visible variations in 
colonial morphology (Plate 3.1 C, D, E, F) which were similar to those 
observed in the original strain of B.thetaiotaomicron. There was no 
easily viable colonial variation present in the other 32 strains, but 
when they were examined with the aid of a stereoscopic microscope 
variations in colonial morphology were apparent in all the strains. 
However, in these strains the contrast between the two colony types 
was very much less, and could only be distinguished with difficulty, 
without the aid of a microscope and suitable illumination . The 
contrast between the two colony types could be enhanced by staining 
with various common microbiological stains. 
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Observations of a number of other species of bacteria under the same 
conditions did not reveal any variations in colonial morphology and it 
was concluded that the distinctive type of colonial variations observed 
in the Bacteroides strains was a specific characteristic of this group. 
In the 4 strains showing strong colonial variation,two distinct colony 
types could be distinguished. One type of colony was circular, entire, 
white, opaque and mucoid in appearance (type I colonies) . The other 
type was circular, entire, greyish, semi-translucent and non-mucoid 
(type II colonies). Type I colonies tended to be slightly larger in 
diameter and more convex than the type II colonies. If no attempts 
were made to select for one or other colony type then the two colony 
types occurred in approximately the same numbers (50:50) when plated 
out onto agar plates. 
In the other 32 strains showing weak colonial variations the difference 
in the two colony types was very much less marked. Both colony types 
(A & B) 
(C & D) 
(E & F) 
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were similar to type II colonies, but one was slightly more opaque 
than the other. In some strains a third more opaque mucoid colony was 
also present on occasions . In strains showing weak contrast in colony 
types the proportion of the more opaque colonies tended to be very 
much lower, and in many of the strains only accounted for c . 10% 
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of the total number of colonies. In other strains however they occurred 
in higher proportions, sometimes making up more than 50% of the total 
number of colonies. Observations were made on all 36 strains at o. 
4 weekly intervals over an 18 month period, and the intensity and 
proportion of the opaque colonies were recorded. Both the intensity 
and the proportion of the more opaque (type I) colonies in the 
individual strains was found to remain more or less constant over the 
whole of the 18 month period. Although minor variations in both the 
intensity and proportion of the colonies did occur, each strain was 
found to display a characteristic pattern of colonial variation (Table 3.1). 
3.3.2 COLONIAL VARIATION AND THE PRODUCTION OF EXTRACELLULAR MATERIAL 
Cells from both colony types of all 4 strains showing strong colonial 
variations were examined for the presence of extracellular material 
using the India-ink wet-mount technique. In all 4 strains the mucoid 
colonies were found to consist almost entirely of encapsulated cells. 
In most mucoid (type I) colonies more than 90% of the cells were 
encapsulated whereas cells from type II colonies were mostly non-
capsulated with less than 10% of the cells possessing capsules 
(Plate 3.1, A, cells from type I colonies and B, cells from type II 
colonies). The capsu les of cells obtained from a single population 
showed quite marked variations in size. Most cells possessed capsules 
which were between 1 and 1,5 times the diameter of the cell. However 
cells with capsules ranging from very small up to 4 times the cell 
TABLE 3.1 
Colonial va riation and the production of extracellular material in 
B.l.:: te!'C' ides strains monitored over a period of 18 months. 
F.:.c'.-eroide f! Contrast af Proportion af 
strains type I colonies type I calanies (~) 
RVl ++++ 40-60 
RV2 tt++ 40-60 
RI'3 ++ ... + 40-60 
RV4 +t++ 40-60 
RB2 tt/+++ 40-60 
R4 ++ 40-100 
RS3 tltt 30-50 
PS6 t/t+ 10-50 
RS4 + 20-40 
R2 + 20-40 
R3 + 20-40 
PS2 + 10-40 
PB2 + 10-40 
RB4 + 10-40 
RS7 + 10-40 
Pl + 10-30 
PB3 + 10-30 
Rl + 10-30 
RBl + 0-30 
RS6 + 0-30 
PS7 + 0-10 
PSl !/+ 20-40 
RSB Y+ 10-40 
PBl Y+ 10-30 
PS5 !/+ 0-30 
RBS2 Y+ 0-30 
RBS3 !/+ 0-30 
RS5 !/+ 0-30 
RB3 !/+ 0-10 
RBSl +1+ 0-10 
RSl + 10-30 
-
PS3 + 0-30 
-
• PSB + 0-30 
RB5 + 0-30 
-
PS4 + 0-15 
-
RS2 + 0-15 
-
Contrast af type I colonies. 
+t++ 
+++-+ 
~/+ 
+ 
-
= 
= 
Clearly visible 
Just visible 
Visible only under microscope 
Not always visible under microscope 
Production of extracellu lar material. 
+t++ -- + = Very abundant to very sparce. 
Production of 
capsu le or 
slime layer 
++++ 
+tt+ 
++++ 
++++ 
! /+ 
+ 
-
++ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+++ 
+ 
-
+ 
+ 
++ 
+ 
++ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
++ 
+ 
++ 
+ 
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diameter were usually present. In liquid cultures c. half the cells 
in the populations were found to be encapsulated. The capsular 
material obtained from these 4 strains was found to be a polysaccharide 
(Dettman & Jones, unpublished data) . 
In all of the other 32 strains of Bacteroides examined some 
extracellular mater-ial was observed to be present in association with 
the more opaque colony types. In some strains clearly defined, 
apparently rigid capsules were observed to be present but in lower 
proportions than were present in cells from the strains showing strong 
colonial variation. In many strains however the cells were surrounded 
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by a slime layer rather than a clearly defined capsule. In some strains 
this slime layer adhered to the cells while in others the cells were 
embedded in a fibrous matrix of slime but individual cells did not 
have any closely adherent slime layers. In some strains the production 
of a copious slime layer resulted in an increased viscoc;ty in broth 
cultures . In strains which normally only produced slime layers 
encapsulated cells were observed to be present under certain conditions . 
3.3.3 DYNAMICS OF COLONIAL VARIATION 
Although two clearly distinguishable colony types were always present in 
strains showing strong colonial variation, many colonies which were intermeidate 
between the two types were also present. A complete spectrum in colony 
types ranging from type I to type II colonies occurred and segmentation and 
pie sectoring was common (Plate 3.1 C, D, E, F). When colonies which were 
apparently of one type or the other were plated out, they always gave rise 
to at least 10% of colonies of the other type,indicating that segretation 
between the two colony types occurred at high frequency . This was also borne 
out by the fact that the number of intermediate colony types showed an 
increase with age. After several days incubation most isolated colonies 
which had originally appeared to be of one type, developed segments 
within the colony which contained cells of the opposite cell type 
(Plate 3.1 C and D). In broth the segregation frequency of the 
two cell types was found to be c. 1 x 10-2 variants per generation. 
In many of the strains showing weak colonial variation the proportion 
of opaque colonies in the population was very much lower and in some 
strains these colonies constitu ted less than 10% of the population. 
In other strains they constituted c. 50% of the population . The 
frequency of segregation in the different strains was fairly stable , 
However, in the one strain of B. distasonis included in this study the 
proportion of opaque colonies varied from c. 50% to c. 100% from time 
to time. The cells from the opaque colonies in this strain were 
associated with the production of a slime layer but no capsules were 
present. 
3.3 .4 EFFECT OF DIFFERENT GROWTH CONDITIONS ON COLONIAL VARIATION AND THE 
PRODUCTION OF EXTRACELLULAR 'MATERIAL 
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Four strains of Bacteroides showing strong colonial variation (RV1, RV2, 
RV3, RV4) and 4 strains showing weak colonial variation (RB1, RB2, PS1, 
R4) were grown under different growth conditions to assess the effect 
on colonial variation and the formation of extracellular material. 
Overnight cultures (15-18 h) of the 8 strains of Bacteroides were 
streaked onto BHl agar plates and incubated in a CO2 atmosphere 
containing an increasing percentage of air. Individual strains showed 
slight variations in sensitivity to the presence of small amounts of 
oxygen in the atmosphere. However,all strains showed a marked 
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decrease in growth in atmospheres containing 10% or more air. The 
effect of oxygen on colonial variation was difficult to assess . The 
growth of isolated individual cells, spread onto the surface of agar 
plates was inhibited by 2-5% air in the atmosphere . In atmospheres 
containing higher percentages of air, growth only occurred in the area 
of the initial inoculum where large numbers of cells had been deposited . 
close together on the surface of the agar. The concerted effect of 
the large number of cells appeared to be sufficient to produce a local 
reduction of the environment and allow growth to occur. Colonies 
which developed in the area of the initial inoculum were very mottled 
giving the appearance of a marked increase in the frequency of coloni al 
variation. However t his effect appeared to be mainly or entirel y due 
to the fact that these colonies had developed as a result of the 
confluent growth of many cells, rather than resulting from an increased 
segregation frequency due to the effect of oxygen . At low concentrations 
of air (1-2%), where no loss in viability occurred, there was no increase 
in the segregation frequency of the colonial vari ants . In atmospheres 
containing a small percentage of air the amount of extracellular 
material was similar to the amount produced under anaerobic conditions. 
In atmospheres containing a higher percentage of airJthe amount of 
extracellular material present in the surviving colonies was increased . 
All 8 strains tested showed diminished growth when incubated at 20 
and 420 C. The colonies which did develop in the area of the initial 
inoculum showed a mottled appearance which was interpreted as being 
due to the decrease in growth rather than to an increased frequency 
of segregation. No loss in viability occurred when cells were 
incubated at 25, 30 and 37 0 C. All the strains except R4 showed a small 
increase in the proportion and intensity of type I colonies with 
increasing temperature (Table 3.2). The production of capsules in 
the type I colonies did not appear to be affected by temperature/but 
an increase in the amount of extracellular slime was observed at 37oC. 
All 8 strains grew over the pH range tested (5,8-8,0) but all strains 
showed a decrease in growth above pH 7,0. All the strains except RV 
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showed a decrease in the proportion and the intensity of type I colonies 
with increasing pH values (Table 3. 3) . 
Higher pH values also resulted in a slight decrease in both the size 
and the number of capsules produced by cells from type I colonies and 
there was also a decrease in the amount of extracellular slime produced . 
Light was found to have no effect on either colonial variation or the 
production of extracellular material . 
The growth of the 8 strains was tested on 4 different nutrient media 
(minimal media, peptone media, blood agar base, and BHl agar) both 
with and without the additional supplement of 10% sucrose, 10% glucose 
and KC1, all of which are known to increase capsule production in 
Klebsiella and Pneumococcus (Wilkinson, 1958). Both the proportion and 
the intensity of type I colonies were found to increase with the 
addition of sucrose and KCl to the media and also with the improved 
nutrient status of the media (Table 3.4) . The size and the number of 
capsules present in cells from type I colonies was only very slightly 
increased on the supplemented or enriched media. However, the amount 
of extracellular slime showed a substantial increase. 
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TABLE 3.2 
The Effect of temperature on the proportion of type I colonies. 
Strains of Incubation temperature °c 
BacteroidEs 20 25 30:: 37 42 
RVl 30% 40% 45% 
RV2 30% 40% 45% 
RV3 35% 45% 55% 
RV4 40% 45% 50% 
RBl 30% 35% 40% 
RB2 20% 20% 25% 
PSl 5% 10% 10% 
R4 100% 100% 100% 
= Growth too poor to make an assessment. 
TABLE 3.3 
The effect of pH on the . proporti Ort ;ype I col oni es . 
Strains of pH of BHI plates 
Bacteroides 
5,6 6,0 6,4 7,4 7,8 8,0 
RVl 60% 60% 55% 50% 
RV2 60% 60% 55% 50% 
RV3 65% 60% 50% 40% 20% 
RV4 50% 50% 50% 20% 20% 
RBl 60% 50% 50% 45% 20% 
RB2 40% 30% 35% 20% 10% 
PSl 10% 10% 5% 5% <5% 
R4 100% 100% 100% 100% 100% 
= Growth to poor to make an assessment . 
TABLE 3.4 
The effect of different nutrient media (with and without supplements) 
on the contrast and proportion of type I colonies, and the production 
of encapsulated cells in these colonies in the strains RV1, RV2, RV3 
and RV4. 
Contrast of Proportion of Percentage Culture medi a of encapsulation 
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type I colonies type I colonies (%) in type I colonies 
MM + 10-20 70-90 
MM + ADD + 20-35 >90 
PEP + 5-20 70-90 
PEP + ADD ++ 25-55 >< 90 
BAB + 10-25 >-90 
BAB + ADD +++ 25-45 >-90 
BHI +++ 20-50 >90 
BHI + ADD ++++ 30"70 ,,90 
MM = Minimal media 
PEP = Peptone agar 
BAB = Blood agar base 
BHI = BHI agar 
ADD = glucose, sucrose and KC1 additives. 
Contrast. 
+ = Weak 
++ = Moderate 
+++ = Strong 
++++ = Very stro~g 
3.3.5 ATTEMPTS TO INDUCE OR 'CURE' COLONIAL VARIATION 
Exposure of selected strains of Bacteroides to mutagenic or inducing 
agents such as UV radiation, NTG and mitomycin C had no effect on the 
frequency of segregation of colonial variants. Growth of cells in 
media containing acriflavine, ethidium bromide, and SDS did not affect 
the segregation frequency of colonial variants. Attempts to isolate 
stable mutants of type I or type II colonies were unsuccessful. 
3.3.6 ANTIBIOTIC SENSITIVITY AND COLONIAL VARIATION 
Type I and type II colonies obtained as segregants from 8 strains of 
Bacteroides (RV1, RV2, RV3, RV4, PS4, PS8, RS6, R4) were tested against 
12 different antibiotics to determine whether the sensitivity of the 
two colony types differed. The two colony types showed the same . 
sensitivity to the antibiotics, except in one case where in 4 of the 8 
strains a slight decrease in the sensitivity of type I colonies to the 
antibiotic septrin was observed . 
3.4 DISCUSSION 
In a study on encapsulation of Bacteroides species Babb & Cummins 
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(1978) found that encapsulation in Bacteroides was not limited to 
B. fragiZis as previously reported (Kasper et aZ. , 1977; Onderdonk et aZ ., 
1977) , but that most strains belonging to the B. fragiZis group showed 
some degree of encapsulation . They found that the proportion of 
encapsulated cells varied among the different strains, and within single 
cell suspensions. In most strains only 10% or less of the cells 
were encapsulated. They found that in many strains the capsules were 
well defined and quite rigid but some strains possessed a copious slime 
like layer instead of a t rue capsule. Capsule production was not 
found to vary signi f icantly with the age of the culture, incubation, 
temperature or pH and was not found to be significantly affected by 
several organic and inorganic nutrients. In this present study on 
the production of extracellular material by 36 strains belonging to 
the B. fragilis group the findings did not differ from those of Babb & 
Cummins (1978) to any significant degree, except in one aspect . Babb & 
Cummins (1978) reported that t hey observed no difference in colonial 
morphology relative to encapsulation, and microscopic examination of 
isolated colonies revealed both encapsulated and non-encapsulated cells 
in porportions similar to those in broth . 
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A strain of B. thetaiotaomicron whi ch segregated two unstable colonial 
variants at high frequency and which showed a correlation between 
colonial morphology and encapsulation was reported by Burt et al . (1978). 
In addition to this strain which was included in this study, a further 3 
strains of B. fragilis which exhibited simi lar segregation of colonial 
variants at high frequency were investigated . All 3 strains showed a 
correlation between the absence or presence of encapsulated cells and 
the type of colonial morphology. The segregation frequencies and 
the dynamics of colonial variation in these 3 strains were found to be 
very similar to those found in the original stra i n of B. thetaiotaomicron 
(Burt et al. , 1978) . In addition all other 32 strains belonging to 
the B. fragilis group were found to display a weak colonial variation which 
was also found to be correlated with either the production of capsules 
or an extracellular layer of slime . This observation suggests that 
this phenomenon may be fairly widespread amongst members of the 
B. fragilis group. The lack of correlation between capsule production 
and colonial morphology reported by Babb & Cummins (1978) may be due 
to the fact that in most strains variations in colonial morphology can 
only be observed with the aid of a microscope. 
The high frequency of segregation suggests that the rapid variation 
between the two colonial phases is not due to mutation. This is borne 
out by the fact that mutagenic agents such as UV radiation and NTG do 
not affect the frequency of segregation. Neither does the fluctuation 
between the two colony types appear to be due to physiological 
adaptation to changes in the environment. Exposure to a number of 
different growth conditions only produced small variations in the 
proportion and intensity of the two colony types and had little effect 
on the production of extracellular material by some of the cells in 
the population. As the segregation occurs in both directions at 
the same frequency, it seems unlikely that capsule production and 
colonial variation could be controlled by extrachromosomal elements. 
The lack of any effect by agents such as acriflavine, ethidium bromide 
and SDS, which are known to 'cure' cells which harbour plasmids, 
supports this view. 
There are numerous reports of variation in colonial and morphology 
occurring in different species of bacteria which have been found to 
be associated with alteration in virulence, phage susceptibility or 
other changes in physiology. In many cases the colonial variants 
are known to be stable and appear to have resulted from mutations 
which affect the production of cell surface components such as LPS 
or other cell wall components or extracellular components such as 
the capsule or glycocalyx. Many of these mutations give rise to 
changes in colonial morphology from mucoid to smooth or from smooth 
to rough colonies. The absence or presence of pili and the ability 
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of cells to form long chains may also give rise to changes in colonial 
morphology . 
In addition to stable changes in colonial morphology there are a 
number of reports which mention unstable colonial variation (Kellogg et al ., 
1968; Willis, 1969; Thorley, 1976) . However,little appears to be known 
about the mechanism responsible for these changes. 
Besides colonial morphology a number of other surface structures are 
known to undergo variation from one state or phase to another at high 
frequencies. The change from piliated to non-piliated cells in the 
population in known to occur at a high frequency in a number of groups 
of bacteria and may be accompanied by changes in colonial morphology 
(Duguid & Gillies, 1958; Duguid & Wilkinson, 1961; Thorley, 1976; 
Brenner et al. , 1977) . The best studied system of rapid phase 
variation is that of flagella variation in Salmonella . This phenomenon 
has been well elucidated since its divcovery more than 50 years ago 
(Ilno,1977; Silverman & Simon, 1977). Most strains of Salmonella 
are known to produce two types of flagella which can be agglutinated 
by different antisera. Switching between the two flagella phases was 
found to occur at frequencies 102 to 103 times higher than the mutation 
frequencies (Stocker, 1949). Each flagella type was found to be 
specified by separate structural genes Hl and H2. The switching 
between the 2 genes was found to involve a change at the DNA level 
as the state or phase of expression of t he H2 gene could be transduced. 
The switching mechanism was further elucidated when the use of molecular 
clon i ng techni ques allowed the preparation of relativel y large amounts 
of the specific DNA which carried the phase switch (Zieg et al .,1977) . 
They isolated a der i vative of Col El which contained the H2 gene which 
still showed phase variation. The DNA appeared to be a mi xture of 
molecules carrying the phase 2 genes in both the on and the off state. 
Denaturing and reanealing of the DNA indicated that the switch was a 
result of an inversion at the DNA level. Inversion bubbles were seen 
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in 5 to 10% of molecules in electronmicrographs. The inversion 
sequence was found to be adjacent to the H2 gene and was 750 bases long . 
It was concluded that phase variation in Salmonella was determined by a 
specific control region adjacent to the H2 gene which can undergo an 
inversion. In one configuration it allows the H2 gene and Hl repressor 
to be transcribed and in the inverted position it prevents H2 and Hl 
repressor transcription. This so called 'Flip Flop' control mechanism 
has been found in a number of other regulation processes involving 
phase variations such as in the gal operon (Saedler et al. > 1974) and in 
phage Mu (Bukhari, 1976). In all cases regulation is known to be 
brought about by insertion sequences or transposons (Bukhari et al .> 1977). 
It is interesting to note the insertion of such elements is mediated 
by non-specific illegitimate recombination which is independent of 
rec A function . Colonial variation in Bacteroides appears to bear 
a number of similarities to flagella phase variation in Salmonella and 
some sort of ~lip flop'control mechanism seems to provide a plausible 
explanation for the phenomenon. 
Colonial variation in Bacteroides appears to occur as a direct result 
of a certain proportion of the cells in the popul ation producing 
extracellular material . Evidence reviewed in the introduction to this 
chapter indicates that the cell surface of many strains of Bacteroides 
may have a number of extracellular components associated with it . 
At present the function of these surface components is not fully 
understood. There is evidence to suggest that they may play 
important roles as defense mechanisms against phagocytosis, phage 
infection and adverse environmental conditions . They have also been 
impli cated in cell adhesion and dispersal, and may play an important 
role as virulence factors and antigens in infection. The possession 
of surface layer components appears to be widespread amongst the 
Bacteroides but it seems probable that in many strains extracellular 
material may only be present in a certain proportion of the cells in 
the population . In many strains less than 10% of the cells are 
encapsulated, however, the proportion of encapsulated variants may 
increase under certain conditions by selection . The fact that the 
possession of surface components may be variable in some strains, 
should be considered when using colonial morphology, serotyping, and 
phage typing for the identification and classification of Bacteroides 
strains . These variations may also play an important role in the 
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virulence and antigenicity of Bacteroides strains in clinical infections. 
The relationship of colonial phase variation to phage-resistance and 
pseudo1ysogeny and possibly bacteriocin-resistance is discussed in 
the following two chapters . 
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CHAPTER IV 
BACTERIOPHAGES OF THE B.FRAGILIS GROUP 
4.1 INTRODUCTION 
A limited number of studies on the bacteriophages of Bacteroides 
have been reported . The first report of a phage which was specific 
for Bacteroides was made by Sabiston & Cohl (1969). They isolated a 
virulent phage from sewage which was mostly active against B.distasonis 
species. 
The isolation of a number of phages from clinical sources which were 
active against Ristella pseudoinsolita (B . fragilis) was reported by 
Prevot et al . (1970) . These authors also presented evidence of a 
lysogenic strain of R. pseudoinsolita . 
Two bacteriophages which were specific for B.fragilis were isolated 
from sewage by Nacescu et al . (1972) . These phages lysed 23 out of 
the 68 strains tested . In addition these workers reported isolating 
8 phages from mi xed cell cultures, presumably as a result of induced 
prophages . However they were not able to induce phages in pure culture . 
Brandis et al . (1972) repo r ted on the further characterization of one 
of the two phages isolated from the sewage. This phage (pAl) was 
found to belong to Bradley ' s morphological group B and exhibited no 
unusual properties with respect to latency, heat and pH stability or 
adsorption kinetics. 
A number of phages specific for B. fragilis were isolated from animal 
sera by Keller & Traub (1974) . In addit i on these authors cha racterized 
a phage which could establish a carrier state with the host bacterium. 
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Silver et aL. (1975) reported on bacteriophage-like particles which 
were observed in thin sections of B.fragiLis cells associated with 
larger spherical bodies 300 nm in diameter. Phage heads were always 
present in association with these bodies, and the intact phages appeared 
to belong to Bradley's group B. These structures were presumed to be 
temperate phages although no sensitive strain was found and it was not 
possible to induce the phage. The significance of the association with 
the spherical bodies is not known. 
The properties of a phage (Sl) which was able to establish a carrier 
state with B. thetaiotaomicron was described by Burt & Hoods (1977). 
This phage which was used in transfection studies, produced a high 
proportion of defective particles in the infected host cell . 
Booth et aL. (1979) i sol ated 67 phages from sewage whi ch were specifi c 
for a number of species of Bacteroides . A study of these phages showed 
that they belonged to 4 distinct morphological types, only one of which 
had been described previously. They also observed that pseudolysogeny 
(phage carrier state) occurred in the majority of the phages. These 
workers investigated the feasibility of developing a system which could 
be used as a rapid method of identification of Bacte~oides species. 
The possible occurrence of lysogenic phages in Bacteroides has been 
suggested in two of the earlier reports discussed, and is supported by 
the observations of Silver et aL . (1975) of phage-like particles 
associated with spherical bodies in B.f~agiLis . Howeyer Booth et aL . 
(1979) reported that all of their phages were virulent, and they were 
unable to detect lysogeny in 83 strains of B.fragiLis . Thus true 
lysogeny would appear to be rare or difficult to induce in members of 
the Bacteroides group . However pseudolysogeny appears to be extremely 
common in this group . 
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The term pseudo lysogeny or the carrier state has been given to the 
group of phage host relationships which are neither truly lysogenic or 
virulent. The precise nature of the pseudolysogenic state is not well 
defined and appears to vary from group to group. In most pseudolysogenic 
conditions reported so far, the phage appears to exist in the cytoplasm 
of its host without any mechanism to ensure its regular segregation to 
daughter cells at division . An equilibrium is found to exist between 
sensitive and resistant bacteria, maintenance being achieved by phage 
infection of the sensitive bacteria in the population (Baess, 1971) . 
The phage-host relationship in pseudolysogeny is distinct from that 
observed during Pl infection of a lysogenic host. In this case, 
stable lysogens occur despite the fact that the phage is not integrated 
into the host chromosome but exists as an autonomous replicon in the 
cytoplasm (Ikeda & Tomizawa, 1968). Replication of the prophage is 
under strict control and non-lysogenic segregants are rare. A similar 
situation has been reported for prophage N15, which appears to have an 
extrachromosomal location (Ravin & Schulga, 1970). 
Pseudolysogens are most easily distinguished from stable lysogens by 
treatment of the host cell with phage-specific antiserum (Anderson & 
Cowles, 1958; Romig & Brodetsky, 1961; Bott & Strauss, 1965; Baess,1971). 
This eliminates the phage-carrier state, by preventing reinfection of 
sensitive cells, causing an enrichment of non-pseudolysogenic segregants. 
A similar effect is obtained by growth in the absence of a required 
phage adsorption factor (Clarke, 1952). Curing by acridine dyes is 
indicative of cytoplasmic factors and this has been used as a method for 
distinguishing between lysogens and pseudolysogens (Arditti & Coppo, 1965; 
Eklund et al., 1971). Another generally accepted feature of 
pseudolysogeny is that the phages are non-inducible {Baess, 1971 ,; 
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Bott & Strauss, 1965). However Arditti & Coppo (1965) reported an 
inducible carrier state for Bacillus megaterium. Certain bacteriophages 
have been reported to exist as plasmids in the cytoplasm of the host 
cell e.g . A infection of E.coli - S. t yphosa hybrids (Baron et aZ., 1970; 
Falkow & Baron, 1970). The characteristics of these phages appear to 
be similar to those of carrier phages in that not all bacteria were 
found to possess phage and the phages were not inducible. 
Kawakami & Landman (1968) observed that antiserum treatment of the 
B. subtiZis SP-10 carrier state gave large fluctuations in the intracellular 
repressor levels as well as rapid curing of the carrier state. They 
proposed that the carrier state is maintained entirely by reinfection, 
and that no replication of the phage occurs in the latent state . The 
segregation of non-lysogenic cells becomes possible as soon as the latent 
period of a phage exceeds the generation time of the host . 
In a number of cases the carrier state has been found to be associated 
with changes in the bacterial phenotype. Li et aZ. (1961) observed 
that all phage-containing colonies were lactose-positive and all phage free 
colonies were lactose-negati ve. lhis alter ation was thought to be due 
to a phage-coded enzyme which altered the permeability of the host cells, 
allowing lactose to diffuse into the cell in the absence of a permease 
system. Jones et aZ. (1962) reported that in BruceZZa abor tus the 
phage carrier state was associated with a change in colonial morphology . 
Colonies containing phage were found to be white and sticky while those 
not containing phage were blue-grey . They suggested that these alte rat ions 
were also due to a phage enzyme which releases some of the mucopeptides 
in the cell walls resulting in the sticky consistency . 
Despite the absence of any stable association with the bacterial 
chromosome, pseudolysogenic phage have been shown to bring about 
transduction (Thorne, 1962; Bott & Strauss, 1965) . 
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Transduction has proved to be one of the most useful systems for mapping 
bacterial genes, especially fine structure mapping . Transduction was first 
demonstrated in Sa~mone~~a typhimurium with the phage P22 by Zinder & 
Lederberg (1952) and it has subsequently been reported in a large number 
of other bacterial species. Transducing phages can be divided into 2 
classes according to the range of host markers which they are able to 
transfer. 
In generalized transduction any host genes may be transferred. A 
transducing lysate may be produced either by infection of sensitive bacteria, 
or, by induction of lysogenic cells,and contains phage particles which have 
a low transducing activity for each host gene. Upon infecting a recipient 
bacterium, the fragment of bacterial chromosome which enters the cell, 
may undergo recombination with the host cell genome. Recombination between 
the host cell genome and the exogenote appears to be brought about by 
the same enzyme systems responsible for recombination during conjugation 
and transformation. 
In specialized transduction the phage is able only to transduce a small 
number of bacterial genes, which lie adjacent to the prophage attachment 
site. The bacterial markers contained in the specialized transducing 
particles are obtained by illegitimate pairing between host DNA adjacent 
to the prophage and the prophage, during the process of induction (Campbell, 
1962). An important characteristic of specialized transduction is that 
the transducing phage can only be obtained by induction of a lysogen. When 
the transducing particles infect another bacterial cell lysogenization may 
occur, yielding transductants which are partial diploids . The mechanisms 
of marker incorporation in specialized transduction therefore appear to 
differ from those involved in generalized transduction . Phage P22 which 
is capable of both generalized and specialized transduction has been found 
to be capable of specialized transduction, but not generalized transduction 
in r ea mutants (Wing, 1968). 
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The distinction between generalized and specialized transduction, however, 
may not always be clearly defined. Luria et aL . (1960) reported generalized 
transducing phages which yielded heterogenote transductants and Chakrabarty 
& Gunsa1us (1969) showed that transductants of mandelate genes in Pseudomonas 
putida could yield stable or unstable transductants , depending on the degree 
of homology between incoming and recipient DNA as well as on the residual 
phage function in the transducing phage . Woods & Thompson (1975) reported 
generalized transduction of 6 auxotrophic markers in Achromobacter strains 
which resulted in unstable transductants, characteristic of transduction 
by lysogeny. 
In most instances it has been temperate phages which act as the vectors for 
transduction. However,both virulent and pseudo1ysogenic phages are also 
known which are capable of bringing about transduction (Zinder & Lederberg, 
1952; Thorne, 1962; Bott & Strauss, 1965). Recently Wilson et aL . (1979) 
described a multiple mutant of T4 that displayed the property of generalized 
transduction, and which is capable of transferring E. coLi genes with 
frequencies higher than those observed for other transducing phages . 
In this study the isolation of a number of phages specifi c for members of 
the B.fragiLis group was undertaken, with the primary aim being to try and 
isolate a transducing phage. In addition attempts were made to try and induce 
any 1ysogens which might have been harboured in the strains of Bacteroides 
which were investigated . As a number of Bacteroides phages have already 
been characterized (see 4.1), and these did not appear to exhibit any 
extraordinary or peculiar properties, no attempt at any de t ailed 
characterization of the phages was undertaken . 
In addition to the transduction experiments the phages were also used in the 
study of pseudo1 ysogeny and colonial phase variation . Phages were also used 
in attempts to obtain phage resistant host cell mutants and phage mutants 
for use in marker rescue experiments (9.3. 4) . The phages also proved to be 
extremely useful tools in the study of the physiological responses of 
B.fragiLis to UV radiation (Chapter 9). 
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4. 2 MATERIALS AND METHODS 
4.2.1 ISOLATION OF BACTERIOPHAGES 
Sewage and pooled faecal samples were screened for the presence of 
phage . Sewage samples were collected from various sites (raw sewage, 
primary and secondary settling tanks, anaerobic digester, etc . ) from a 
sewage treatment plant in Grahamstown . Pooled stool samples 
obtained from a hospital laboratory, and diluted in phosphate buffer 
were also screened for the presence of phage. Individual or 
pooled samples were clarified by centrifugation at 2 000 x g f or 20 min . 
The supernatants were then either filtered through a 0,45 ~m membrane 
filter fitted with a pre-filter, or treated with 10% chloroform. 
The filtrates were then screened for the presence of phage by spotting 
onto double overlay plates (Adams, 1959) which had been seeded with 
0, 2 ml of overnight cultures of a selection of the Bacteroides strains 
used in this investigation . Each phage was purified by 3 successive 
single plaque transfers . Attempts to induce lysogenic phages in 
the 36 Bacteroides strains used in this study were mad e , using the 
methods described by Parisi & Tarbot (1974) and Siddiqui etal. (1974) . 
4.2.2 PHAGE PROPAGATION AND PREPARATION OF HIGH TITRE LYSATES 
High titre phage lysates were obtained either by confluent lysis 
techniques on BHI agar plates or by broth lysis . Higher titres ',of 
all the phages were consistently obtained using the confluent lysis 
techn i que. Overnight cultures (15-18h) of the specific host cell 
(1 ,0 ml) and 0,5 ml of the phage, suspended in T2 buffer, were added 
to 15 ml of soft BHI agar and overlayed onto 6 BHI agar plates and 
incubated at 37 0 C overni ght . The soft agar was then scraped off 
into 30 ml of T2 buffer, mixed with a vortex mixer and allowed to 
stand for 2 h at room temperature. The agar suspension was then 
centrifuged at 10 000 x g for 20 min and the agar free supernatant 
removed by means ofa Pasteur pipette. The supernatant containing 
the phage was stored at 40 C over 10% (y/v ) chloroform. The 
stability of the phages in a number of different buffers held under 
a variety of conditions was determined. For phage lysates prepared 
by the broth lysis technique the method described by Burt & Woods 
(1977) was used . 
4.2.3 PHAGE ASSAY 
The plaque-forming titres of the phage samples were determined using 
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the soft-agar overlay method described by Adams (1959). All manipulations 
were performed aerobically. The phages were routinely diluted in T2 
buffer. BHI agar plates were overlayed with 2,5 ml of BHI soft 
agar (0,7%) which had been seeded with 0,2 ml of the assay organism. 
The plates were then incubated anaerobically at 37 0 C overnight. 
4.2 .4 E~FECT OF THE AGE OF THE HOST CELL ON THE EFFICIENCY OF PLATING OF 
THE PHAGES 
The efficiency of plating (e.o . p. ) of the phages on the host cell, strain 
PS1, at different stages in the growth cycle was determined using the 
assay technique described in 4.2.3. 
4.2 .5 HOST RANGE AND HOST SENSITIVITY 
8 -1 Phage titres were adjusted to give a titre of lOp. f. u. ml · Ten 
fold dilution series of the phages were prepared and spotted onto a 
series of overlay plates which had been seeded with the 36 Bacteroides 
strains used in this investigation. In addition the susceptibility 
4.2 .6 
of 12 other species of bacteri a to these phages were tested 
(Fusobacterium varium~ Fusobacterium mortiferum~ Escherichia coli B~ 
Escherichia coli K12, Shigella boydii ~ Salmonella typhimurium~ 
Proteus vulgaris~ Klebsiella pneumoniae~ Enterobacter aerogenes ~ 
Serratia marcescens~ Clostridium perfringens~ Staphylococcus aureus). 
ATTEMPTS TO OBTAIN TRANSDUCTION 
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High titre lysates (109 - lOll p.f.u. ml- l ) of 12 phages (FC 1-6, FT 1-6), 
were prepared according to the method described in 4.2.2 and used to 
examine the potential for transfer of several genetic markers in 
B. fragilis . These phages were propagated in B. fragilis host strains 
PSl and Pl, both wild type and rifampicin, erythromycin, vancomyc i n 
and nitrofurantoin resistant mutants were used for phage propagation. 
The recipient strains (PS1, Pl) incl uded both wild type and several 
auxotrophic mutants derived from the above strains. In addition the 
transducing potential of 9 phages whi ch were specific for the single 
strain of B. thetaiotaomicron included in this survey were al so 
determined. The phages were propagated on both the wild type and 
rifampicin resistant host cells (RV4) and either the wild t ype or 
a nicotinamide requiring auxotroph of RV4 were used as the rec i pients . 
In a series of experiments to test f or the potential for transduction, 
phages were added at a m.o.i . ranging from 0,01 to 5, to bot h exponential 
and stationary phase cells. Adsorption was allowed to occur under 
both anaerobic and aerobic conditions for varying periods of time 
before plating, using a variety of adsorption media . In some 
experiments the recipient cultures,and or, the phages, were exposed to 
varying fluences of UV radiation under aerobic cond i tions, before 
adsorption. 
4.2.7 
4.3 
4.3.1 
PSEUDOLYSOGENY AND PHAGE RESISTANCE 
The isolation of phage resistant mutants from 3 strains of 
B.fragilis (PS1, PBl and Pl) was attempted using 3 different 
phages FC1, FC2 and FC3. The phages were added at a m.o.i. of 5 
to overnight cultures of the host cell which had been mutagenized 
with NTGas described in 2.2 .7. The phage infected cells were 
overlayed in soft agar (3 ml) onto the surface of 20-30 BHI agar 
plates and incubated overnight at 37oC. Any isolated colonies 
present in the overlays in which confluent lysis had occurred were 
picked and re-tested for phage resistance. After each subculture 
isolated colonies were tested for phage susceptibility and the 
presence of the original phage. 
RESULTS 
THE ISOLATION OF PHAGES 
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A total of 17 phages specific for B.fragilis were obtained from sewage 
samples collected at weekly intervals over a period of several weeks . 
In addition 4 phages which were specific for the single strain of 
B.thetaiotaomicron used in this investigation were also isolated from 
these samples. A further phage which was specific for this strain 
was isolated from pooled faecal samples obtained from a hospital 
laboratory . Of the 17 phages specific for B.fragilis , 5 were lost 
during subculturing or storage, or were discarded due to difficulties 
encountered in propagating them. 
All attempts to induce lysogenic phages which may have been present 
in the 36 strains used in this investigation, gave negative results. 
4.3.2 GROWTH CHARACTERISTICS OF THE B. FRAGILIS PHAGES 
The B. fragilis phages were routinely propagated on strain PS1 . 
Individual phages showed variations in the maximum titres that were 
obtained by the techniques used. With some of the phages, titres of 
9 - 1 10 p.f.u. ml could only be obtained with difficulty, with others 
titres of between 109 and lOll p. f . u. ml- l were readily obtained. 
With all the phages consistently higher titres were obtained using 
the confluent lysis technique. Stationary phase cells gave higher 
phage yi e 1 ds than exponenti a 1 phase cells. 
The 12 B. fragilis phages were found to be highly stable under the 
conditions tested . Little or no drop in phage titre occurred in 
lysates which were stored over chloroform at 40 C for over a year. 
All the phages appeared to be virulent. None of the phages caused 
visible lysis in broth culture of the susceptible host strains which 
were tested . On overlay plates,6 of the phages (FCl -6) produced 
clear plaques and phages FT 1-6 produced small turbid plaques 
on B.fragilis PS1 . Plaques varied fr om clear to extremel y turbid 
depending on the particular host strain on which it was plated . 
4.3.3 VARIATIONS IN THE e.o.p. OF PHAGES PLATED ON CELLS OF B.FRAGILIS 
STRAIN (PS1) OF INCREASING AGE 
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Plaque counts done on the same phage samples were found to show 
considerable variation depending on the age of the indicator cells used in 
the assay. An increase in the number of p.f . u. ml- l was found when 
stationary phase cells were used instead of exponential phase cells. 
A number of different experiments were conducted using phages FC 1-6 
to determine the e.o . p. of these phages when plated onto PSl host 
cells of increasing age. The results of one such experiment (using 
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Fi g. 4.l. Variation in the efficiency of plating of phage 
during the growth cycle of B. fragiZis PS1 . 
phage FC2) is shown in Fig. 4.1. In all the experiments a 
consistent increase in the e.o.p. in stationary phase cells occurred 
with all 6 phages . The actual increase varied from phage to phage 
and also varied from experiment to experiment with the same phage. 
However in all cases the e.o.p . increased from the beginning of the 
stationary phase up until about 24 h. and then gradually decreased 
again back to the initial level. 
4.3.4 HOST RANGE AND HOST SPECIFICITY 
None of the Bacteroides phages had any effect on the bacteria 
belonging to other species of bacteria . Each phage was tested for 
its host range against all 36 strains of Baoteroides used in this 
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investigation. The 5 phages which were specific for the single strain 
of B. thetaiotaomicron, showed no activity against any of the other 
35 strains of Bacteroides . Of the 12 phages isolated on B. fragilis 
host cells,all infected at least 3 other strains of B. f ragilis. 
The lytic patterns of 10 of the phages is shown in Table 4.1. The 
full lytic patterns for phages FT4 and FT5 were not done. Eyen 
though a very limited number of strains were used only two of the 
phages showed the same lytic pattern. The groups of susceptibility 
patterns we re quite similar, indicating that some of the phages may 
be closely related. Four strains of B.fragilis (PS1, PS2, PB1, Pl) 
were susceptible to all 12 of the phages, 15 of the B. fragidis strains 
were sensitive to at least one of the 10 phages tested and 16 were not 
susceptible to any of the 10 phages . None of the other 5 stra i ns 
belonging to the 3 other species of Baoteroides were susceptible to 
any of the phages. 
TABLE 4.1 
Patterns of phage lysis shown by the 15 strains of B.fragilis showing 
phage sensitivity . 
Strains of 
B·fragilis 
FC6 
PSl + 
PS2 + 
PBl + 
Pl + 
PB2 + 
PS3 + 
PB3 + 
PS4 + 
PS5 + 
PS6 + 
PS7 + 
PSB + 
RBl . 
RS4 + 
RB2 
= Not sensiti ve 
+ = Sensiti ve 
FC3 FC4 FCl 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 
+ + 
+ + 
+ 
B.fragilis phages 
FT2 FC2 FC5 FT3 FTl FT4 
+ + + + + + 
+ + + + + + 
+ + + + + + 
+ + + + + + 
+ + + 
+ + + 
+ + + 
+ 
+ 
+ + + + 
+ 
+ 
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NB Complete host range sensitivities were not done on phages FT5 and FT6. 
4.3 .5 ATTEMPTS TO OBTAIN TRANSDUCTION 
With both the B.fragilis system and the B. thetaiotaomioron system, 
no transduced clones were detected under any of the experimental 
cond i tions used . 
4.3.6 PSEUDOLYSOGENY AND PHAGE RESISTANCE 
Nine phages specific for B. the t aiotaomioron (4 isolated by Burt 
1977 and 5 isolated during the course of this investigation) were 
tested for their ability to infect type I and type II colonies of 
B.thetaiotaomioron (RV4) . Exponential phase cultures of 30 colonies 
of each colony type were tested for resistance to the 9 phages by 
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10 -1 spotting high titre lysates (10 p.f . u. ml ) on to soft agar overlays 
seeded with cells from type I or type II colonies . All 30 of the 
type I colonies containing encapsulated cells were resi stant to the 
9 phages and all 30 of the type II colonies containing non-encapsulated 
cells were sensitive to the 9 phages . None of these 9 phages produced 
visible lysis in broth. A number of resistant colonies were isolated 
from turbid plaques or plates showing confluent lysis for all 9 phages 
and were inoculated into BHI broth. All the isolates produced phage 
5 8 -1 
with titres ranging from 10 to 5 x 10 p.f.u. ml after 9 h incubation . 
One phage resistant clone of each phage type was isolated and tested 
for the stability of phage resistance and pseudolysogeny over 3 
consecutive subcultures. After each cloning the colonies were 
tested for phage production and phage resistance. The number of 
colonies producing phage after each cloning varied from 30 - 90% and 
the number of colonies resistant to phage varied from 50 - 100%. 
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None of the B . fragi~is strains which were sensitive to the 12 phages 
isolated during this study showed strong colonial variation. The 
plaque morphology varied from clear to very turbid depending on the 
phage and the host cell . In broth culture none of the phages caused 
visible lysis, suggesting that a phage carrier state similar to that 
described by Keller & Traub (1974) and Booth et a~ . (1979) was occurring. 
The relationship between the host strain Pl and the phages FC1, FC2 
and FC3 was investigated. This strain showed weak colonial variation 
with between 10 and 30% of type I colonies present on plating . 
Between 5 and 10% of the cells in the population were encapsulated . 
Cells from 9 h cultures which had been infected with phage were plated 
out and individual colonies were picked into broth and tested for 
phage production after 9 h incubation. Between 60 and 90% of the 
colonies produced phage. Spread plates of infected clones gave 
viability counts similar to those obtained with uninfected cultures . 
Spot tests on soft agar overlays seeded with phage producing clones 
were not susceptible to the phages and these clones were found to 
contain 90 - 95% of encapsulated cells . The phage producing clones 
continued to produce phages after further subculture. 
The phages FC1, FC2 and FC3 all produced clear plaques when plated 
on the host strains PS1, PBl and Pl . Attempts were made to isolate 
phage-resistant mutants after mutagenic treatment of these 3 strains. 
Isolat ed colonies present in the area of confluent lysis on overlay 
plates were picked and tested for phage-resistance and the ability to 
produce phage. A high proportion (60 - 95%) of these colonies were 
found to be resistant to phage and continued to produce phage particles 
on subculture . These colonies showed an altered colonial morphology 
being much more opaque, and examination of the cells from these 
isolates showed that a high proportion of these cells were encapsulated. 
Only one of the three strains was observed to produce encapsulated 
cells in uninfected cultures, the other two strains (PS1, PB1) showed 
very weak colonial morphology and a small proportion of the cells 
appeared to produce a loose slime layer. The encapsulated crones 
were maintained in culture for several weeks but eventually all the 
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cells reverted to the non-encapsulated form. No stable non-encapsulated 
phage-resistant mutants were isolated using this technique. 
4.4 DISCUSSION 
A number of phages specific for strains of B. fragiZi s were isolated 
from sewage. Four of the strains of B. fragi Zis used in this study 
were sensitive to all the B.fragiZis phages which were isolated, 
while 16 strains of B.fragi Zis were not susceptible to any of the 
phages. None of the other species of Bacter oi des were sensitive to 
these phages. The e . o.p. of these phages was found to increase 
after the end of the exponential phase of growth, and continued to rise 
for several hours before dropping again. The reason for the increase 
in the e.o.p. is not known and experiments to investigate this 
phenomenon are underway. Nine phages specific for the single strain 
of B. thetaiot aomicr on were also isolated (4 by Burt, 1977). _ One _ 
of these phages was isolated from a human faecal sample , the other 
8 were isolated from sewage. None of the other 35 strains of 
Bacter oides were susceptible to these phages. 
All the phages were virulent and attempts to induce lysogenic phages 
proved unsuccessful. Although the presence of lysogenic phages in 
Bact eroides has been suggested by some of the earlier work, the 
systematic search for lysogenic phages by Booth et al . (1979) and 
our own lack of success indicates that either lysogenic phages are 
not common in Bacteroides or else are not easily induced or 
propagated under the experimental conditions used . 
Both the B. fragilis phages and the B. thetaiotaomicron phages were 
used in attempts to obtain transduction without success. In 
experiments with a number of Bacteroides phages Booth et al . (1979) 
were also unable to detect transduction. They suggested that the 
fa i lu re to do so may have been due to the fact that they were unable 
to isolate any temperate phages . Plasmid transfer presumably via 
conjugation appears to occur quite readily in Bacter oides (see 
Chapter I) and transfection of phage DNA leading to the recovery of 
virulent phage particles has been shown to occur in B.thetaiotaomicron 
(Burt & Woods, 1977). However to date there i s no evidence for the 
transfer of stable chromosomal markers in Bacteroides . The 
establishment of a system capable of mediating such transfer would 
be of considerable value in the future studies of this group. 
Keller & Traub (1974) were the first to report that a stable carrier 
state was readily developed in B. fragilis phage-host systems . They 
found that in broth cultures phage production occurred coincidently 
with bacterial growth. They ascribed the simultaneous production 
of both phage and bacteria to the continuous development of phage-
sensitive cells from a phage-resistant population . Most cells in 
the carrier cu ltures were found to be phage-resistant but continued to 
segregate phage-sensitive variants which supplied host cells for the 
maintenance of phage repl ication . Cultures of the phage-susceptible 
clones were found to contain no detectable phage, whereas cultures of 
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phage-resistant clones continued to produce phage. They found that 
phage production in these clones began at the same time as active 
bacterial growth started, and that phage production outstripped 
bacterial growth over an 18 h period. Their results suggested that 
a rapid rate of alternation between the two phenotypes occurred in 
the population . Cultivation of the phage carrier strain in media 
containing phage antiserum eliminated the phage carrier state. 
The cured cultures yielded a mixture of phage-sensitive and phage-
resistant clones. Before phage infection they failed to detect any 
phage-resistant phenotypes in the culture. Howeve~ after curing 
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with antisera c. 80% of the population was phage-resistant, and this 
proportion remained constant after several subcultures. Phage-
sensitive clones showed between 1 and 8% segregation of phage-resistant 
clones. Their results indicated that the phage was adsorbed with 
equal efficiency by both phenotypes and they postulated that 
pseudolysogeny was most likely to result through variations in 
intracellular immunity. A search for cytoplasmic elements proved 
negative. 
A carrier state very similar to that reported by Keller & Traub (1974) 
was found to occur in the majority of phage-host systems in 
Bacteroides, which were investigated by Booth et aZ . (1979). They 
found that the presence of a thick capsule around some o~ the cells 
. in the host strain appeared to render these cells resistant to phage 
infections and was responsible for perpetuating the carrier state. 
Non-infected host strains were found to contain c. 5% encapsulated 
cells whereas most cells in infected populations were found to be 
encapsulated. About 80% of these cells were found to be phage-
resistant after subculture and continued to produce phage on serial 
transfer. After being cured by growth in media containing phage 
antisera they became susceptible to the phage again. 
In most species of bacteria which are known to produce capsules a 
correlation between phage resistance and the production of a capsule 
has been reported (Jones et al. , 1962; Bernheimer & Tiraby, 1976; 
Grant & Riemann, 1976; Pox ton & Sutherland, 1976). Burt et al . 
(1978) reported a strain of B. thetaiotaomicron which segregated two 
unstable colonial variants at high frequency. Type I colonies 
containing encapsulated cells (see Chapter 3) were found to be 
resistant to the phage Sl, while type II colonies which contained 
non-encapsulated cells were susceptible to the phage. Phage-
resistant clones continued to produce phage and the carrier state 
was found to persist through a number of subcultures. Both phage-
resistant encapsulated cells and phage-sensitive non-encapsul ated 
cells were found to segregate cells of the opposite type at high 
frequency. 
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In this present study, type I colonies containing encapsulated cells 
were found to be resistant to all 9 phages isolat ed from this strain. 
Phage-resistant clones isolated after infection all continued to 
produce phage. These clones of phage-resistant encapsulated cells 
continued to segregate non-encapsulated, phage-sens i ti ve cell s at a 
high frequency thus supplying host cells for the continued propagation 
of the phage. 
None of the strains of B.fragilis which were sensitive to the phages 
isolated in this study, showed strong colonia l phase variation . In 
most cases infected host strains exhibited a carrier state which 
appeared to be identical to that reported by Booth et al . (1979). 
In the uninfected state these host strains had a very low proportion 
of encapsulated cells. After phage infection, phage-resistant 
clones showed pseudo lysogeny and a high proportion of encapsulated 
cells . In some strains encapsulated cells were not present in 
uninfected cells but these cells did produce an extracellular slime 
layer. Individual cells did not seem to be phage-resistant but many 
of the cells contained within a matrix of slime were not susceptible 
to phage-infection, and such clones of cells continued to produce 
phage . When these strains were treated with mutagenic agents before 
bei.ng infected with phage, phage-resistant colonies were found to 
develop within the zones of clear lysis on overlay plates. These 
phage-resistant clones were found to contain a high proportion of 
encapsulated cells and exhibited pseudolysogeny. Capsule production 
was found to persist through a number of subcultures, but eventually 
all these strains reverted to the non-encapsulated variant. 
In all the examples discussed above the carrier state appeared to 
be due to capsule formation by some cells in the population which 
interfered with the attachment of the phage to the cell wall. The 
continued presence of the phage (in the carrier state) appeared to 
be due to the infection of sensitive cells which segregated from 
the phage-resistant clone at high frequency. Evidence suggests 
that the continued presence of phage in such clones was due to the 
association of the phage particles with the extracellular material, 
rather than the maintenance of the phage within the cytoplasm of 
the cells, although this possibility has not been ruled out. The 
presence of this phenomenon in phage-host cell systems in Bacteroides 
was found to complicate the isolation of stable phage-resistant mutants 
and attempts to isolate such mutants were not successful. 
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CHAPTER V 
BACTERIOCIN PRODUCTION IN THE BA CTEROIDES FRAGILIS GROUP 
5.1 INTRODUCTION 
Many bacterial strains liberate proteinaceous toxins called bacteriocins, 
which are active only against closely related strains of bacteria . 
Bacteriocin production has been discovered in many genera, both in 
Gram-negative and Gram-positive bacteria . However in the latter 
group a wide variety of inhibitors and toxins are produced, so that 
it is difficult to decide which of them can usefully be called 
bacteriocins. 
The most extensively studied group of bacteriocins are those produced 
by E. coli and other closely related enterobacteria such as Shigella 
sonnei , which have been termed colicins. The literature on colicins 
has been reviewed by a number of authors (Fredericq, 1957, 1963; Reeves, 
1972; Hager, 1973; Holland, 1975; Luria,1975; Hardy,1975, 1978) 
and much of the following information on colicins has been obtained 
from these reviews. 
In all colicins of natural origin investigated so far, the genetic 
determinants of colicin production have been found to occur on 
plasmids. These colicinogenic (Col) factors can be divided into 2 
major groups according to their size and their ability to transfer 
6 themselves. Only the larger group II plasmids (mol .wt. c . 70 x 10 ) 
are self transmissible, and virtually all carry the genes for 
conjugation and plasmid transfer in addition to colicin production. 
Group II Col factors are usually only present in one or 
per cell. The smaller group I plasmids (mol.wt .c. 5 x 
two copies 
106) are 
usually maintained at about ten copies per cell and are not 
transmissible. Col factors can recombine with other plasmids, 
suggesting that F-like Col factors probably arose by the integration 
of Col and F factors . Col factors which are non transmissible by 
their own means, can · in some cases be transmitted when the cell also 
harbours a transmissible plasmid as well . It is possible that in 
some cases, joint transfer results from a transient integration of 
the two plasmids. In most cases however, the data suggests that the 
non transmissible plasmid is defective in one or more gene functions 
required for conjugation and the missing functions are supplied by 
the active plasmid. 
Colicins are proteins with molecular weights ranging from c . 27 000 
85 
to 90 000. Although in most cases colicins vary widely in their amino 
acid composition, there are a number which have similar compositions, 
indicating a common origin. Colicins have been classified into 
about 20 different types on the basis of their action on colicin 
resistant bacteria (Fredericq, 1957). 
Normally,in any population only a small proportion of Col+ cells 
produce detectable amounts of colicin (usually between about 0,01 
and 10% of the population) . The apparent repression of colicin 
production suggests an obvious parallel between colicinogenic 
bacteria and lysogenic bacteria. In both cases the phenomenon can be 
induced by agents such as mitomycin C (Mit C) and UV radiation . 
The ·mechanisms of colicin induction are unknown but in some cases they 
may be induced by processes similar to those involved in the induction 
of lysogens (See 10.1) . In the case of colicin induction, complete 
cell lysis does not occur, as it does in lysogeny. In a number 
of colicinogenic strains (e.g . Col El and Col E2) induced cells are 
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unable to form colonies although colicin is released for several hours. 
Cell death does not necessarily occur as a result of colicin 
production in all cases. 
A distinctive feature of co1icins is their narrow action spectrum . 
Their selective action is due to the need for specific protein receptor 
sites in the outer envelope of the sensitive bacteria. These 
receptor sites have been found to be proteins or glycoproteins which, 
in most cases, have other functions such as in membrane transport, 
and in several cases they also act as receptors for bacteriophages. 
The first step in the killing of cells by a colicin is the binding 
of the colicin to receptors on the external surface . Adsorption of 
colicin does not produce irreversible changes leading to cell death 
unless the cytoplasmic membrane is energised. Only if membrane energy 
is available do colicin treated cells enter stage II which leads to 
cell death. Co1icins do not all have the same mode of action in 
bringing about cell death ·, and different co1icins kill cells by 
affecting widely different biochemical targets. For example, 
colicin E3 is known to inactivate ribosomes, the actual colicin or 
part of it, probably penetrates into the cell and is responsible for 
inactivating the ribosomes. A number of co1icins such as El, K and I 
bring about cell death by disrupting many of the energy dependent 
reactions in the cytoplasmic membrane. In other co1icins such as 
E2 the chromosomal DNA is the target for endonuc1etic degradation 
(Schaller & Nomura, 1976). 
When a Col factor is transferred into a colicin-sensitive strain, 
this strain then becomes immune to the action of the corresponding 
colicin even though the cell still possesses colicin receptors and can 
still adsorb the colicin . In the cases studied so far, immunity 
appears to be brought about by low molecular weight proteins which 
bind to the bacteriocin protein and inactivate it . Genes for the 
immunity protein are probably present on all Col plasmids. 
There are 2 types of mutants which are insensitive to colicins, those 
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in which the receptors have been lost or altered, and those which still 
adsorb colicin onto the receptors but which are nevertheless immune . 
Tolerant mutants may be insensitive to a number of colicins which have 
different actions, indicating that there is a common step after adsorption 
which is common to all these colicins. 
Although much more is known about colicins than about other groups of 
bacteriocins, many groups of bacteria are known to produce bacteriocins. 
Amongst the Gram-negative bacteria most other genera of Enterobacteriaceae 
are known to produce bacteriocins as well as other genera such as 
Pseudomonas, Yersinea, Neisseria and Vibrio . Several of the 
bacteriocins produced by these bacteria resemble the colicins in 
that they are inducible by mitomycin C and UY irradiation. 
The earliest reports of bacteriocin production in Bacteriodes species 
were by Beerens & Baron (1965) and Beerens et al. (1966). Podhaisky & 
Reinhold (1970) investigated bacteriocin production in 70 strains of 
Bacteroides belonging to the fragilis group, originating from clinical 
material. They found bacteriocins were produced by 61 of the strains 
and only 1 B.fragilis strain was resistant to all the bacteriocins 
produced. The bacteriocins produced by strains of Bacteriodes 
isolated from human faeces and the role of these strains in the 
bacterial ecology of the colon was investigated by Booth et al. 
(1977) . This study was carried out on an individual who was part 
of the National Aeronautics and Space Administration mock Skylab 
5.2 
5.2 . 1 
flight and faecal samples were monitored over a 25 week period. 
Four bacteriocin producing strains were isolated, only one of which 
was found to persist over the 25 week period . This particular 
bacteriocin was partially characterized. The bacteriocin producing 
strains were found to coexist in the colon with a larger population 
of non - bacter i ocin -producing, but bacteriocin-sensitive strains of 
Baoter>iodes. 
In this study bacteriocin production in a number of strains was 
discovered while screening for lysogenic phages. The pattern of 
bacteriocin production and bacteriocin-sensitivity of the strains 
being used was determined , and attempts were made to isolate 
bacteriocin-resistant mutants from sensitive strains for use as 
markers in the transduction experiments. 
In addition the relationship of bacteriocin resistant colonies and 
capsule production was investigated. One of the bacter iocins was 
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subsequently partially characterized and its mode of action determined 
(Mossie et aZ ., ;9/ 9) . 
as the primary event in 
This bacterir - in 
1.9..>. 
its mode of , ~. 
was found to be unusual 
. ....... .. ... ''''' , .... , ... ' v .. V j " " n 
synthesis. Rifampicin resistant mutants isolated from a bacteriocin 
sensitive strain (PS1) were found to be resistant to the action of 
the bacteriocin with the exception of one mutant which was found to 
be hypersensitive. 
METHODS 
DETECTION OF BACTERIOCI N PRODUCTION AND SENSITIVITY 
The 36 strains of Baotepoides used in this investigation were tested 
fo r bacteriocin production and sens i tivity using modifications of 
5.2.2 
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techniques described by Mayr-Harting et aZ . (1972). Overnight 
cultures (15-18 h) of the 36 strains were spotted onto plates which 
had been overlayed with 3 ml of BHl soft agar inoculated with 0,2 ml . 
of overnight cultures (15-18 h) of the test stains, or alternatively 
onto dried BHl agar plates . Inoculations were made by means of a 
replicator which could inoculate 18 stains onto each test plate. 
The plates were then incubated for 48 h at 37 0C under anaerobic conditions. 
The colonies which developed on the plates without the overlays were 
then killed by inverting the plates over containers of chloroform 
for 30 min and then standing for 20 min to allow the chloroform to 
evaporate. The plates were then overlayed with 3 ml of BHl soft 
agar which had been inoculated with the test stains as in the previous 
procedure . The plates were examined for zones of inhibition after 
24-48 h incubation (Plate 5.1 A). 
INDUCTION OF BACTERIOCIN PRODUCTION 
In order to test for the induction of bacteriocin production by Mit C 
the screening procedures described in 5.2.1 were carried out on BHl 
agar plages containing 0,1; 1 and 10 )1 g ml- l Mit C. To test for 
induction by UV radiation assay plates inoculated by the first 
screening technique described in 5.2.1 were exposed to fluences of 
15 Jm- 2 of UV radiation before incubation. In addition the effect 
of Mit C and UV radiation on the induction of increased levels of 
bacteriocin production in 2 stains, PBl and RB3, were determined. 
Doubling concentrations of Mit C (0,1 - 1,6 )1g ml- l ) were added to 
early exponential phase cultures (00 0,2) of the 2 strains and they 
were incubated and assayed after 6 and 12 h incubation. Exponent i a 1 
phase cells of the same 2 strains were 
and irradiated with fluences of 15 and 
suspended 
-2 30 J m . 
in Ringer solution 
The cells were then 
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PLATE 5.1 
(A) ZONES OF INHIBITION PRODUCED BY BACTERIOCIN. 
(B ) A BACTERIOCIN ASSAY PLATE 
centrifuged and inoculated into BHl broth and the bacteriocin titres 
assayed after 6 and 12 h incubation. 
5. 2.3 DEMONSTRATION THAT THE EFFECT WAS DUE TO A BACTERIOCIN 
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Material from the inhibi ti on zones of all 20 of the producer strains 
was picked and tested for the presence of phage by the standard plaque 
assay (Adams, 1959) . The host range of all 20 producer strains was 
tested against 12 strains of non related bacteria. 
5.2.4 BACTERIOCIN ASSAY 
Indicator strains (0,1 ml of PSl or RS1) were added to 10 ml of 
molten BHl agar (1 % agar w/v) held at 45-500 C. The agar was mi xed 
and poured into sterile petri dishes. After they· had solidified the 
plates were perfused with an anaerobic atmosphere for 20 min. Wells 
of 5 mm diameter were then punched into the agar using a sterile cork 
borer . The supernatants of the test cultures were harvested by 
centrifugation at 10 OOOxg for 10 min at 40 C and stored over 10% 
chloroform at 40C to kill any residual bacteria . Doubling dilutions 
of super natants from the test cultures were made and 25 )1 1 of each 
dilution was added to the wells . The assay plates were incubated 
under anaerobic conditions overnight (15-24 h). The bacteriocin 
activity in arbitrary units (AU) was defined as the reciprocal of 
the highest dilution which gave a definite zone of inhibition (plate 5.1 B). 
5.2.5 DETERMINATION OF OPTIMAL CONDITIONS FOR BACTERIOCIN PRODUCTION 
Two of the producer strains (PBl and RB3) were grown in MM, 
peptone yeast extract medi urn, and BHl broth at 300 and 370 C and the 
supernatants were assayed for bacteriocin production at the end of 
the exponential phase of growth . 
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5.2.6 THE RELEASE OF EXTRACELLULAR BACTERIOCIN 
Chloroformed supernatants from two producer strains (PBl and RB3) 
were assayed over a 72 h period to determine the level of extracellular 
bacteriocin. 
5.2.7 THE LOCALIZATION OF THE BACTERIOCIN 
Cultures of 2 strains (PBl and RB3) were grown for 6, 12 and 18 hand 
centrifuged at 10 OOOX g for 10 min at 40 C. The supernatants were 
stored over 10% chloroform and the cell pellets were washed with 
1 M NaCl and the supernatants collected and assayed for bacteriocin 
activity. The cells were resuspended in a minimum amount of 0,02 ml 
Tris Hel buffer, pH 8,2, and disintegrated by sonication at an 
amplitude of 8 microns, using a MSE sonicator giving 3 bursts of 2 min 
each . During sonication the temperature was kept below OOC using an 
alcohol ice bath . Alternatively the cells were disrupted with SDS 
using the method described by r·1eynell & ~leynell (1970) . The 
di si ntegr.ated cell lysate was steri 1 ized wi th chloroform and assayed for 
bacteriocin . 
5.2.8 THE ISOLATION OF BACTERIOCIN RESISTANT MUTANTS 
Overnight cultures of producer strains of Bacter oides (PB1, PB2, RB3) 
were streaked across the surface of agar plates to produce lines or 
circles of confluent growth, or diluted and spread onto plates so as 
to produce individual colonies . After 48 h incubation the cells 
were killed using the chloroform technique described in 5.2 .4 and 
overlayed with 3 ml of soft agar to which 0,2 ml of mutagenised 
cell ~ had been added. The indi cator cell s we re fir st treated ~!ith 
NTG as described in 2. 2.7. After 48 h incubation the plates were 
examined and isolated colonies occurring in the zones of inhibition 
were picked and retested by inoculating onto plates which had been 
prepared in a similar way to the mutant screening plates but with 
the indicator cells omitted . 
5.2.9 THE EFFECT OF BACTERIOCIN ON RIFAr~FICHl RESISTANT MUTANTS OF THE 
INDICATOR STRAIN (PS1) 
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Overnight supernatants of the 10 most active producer strains were 
sterilized with 10% chloroform for 2 h at 40 C and then assayed against 
rifampicin resistant mutants. The assay plates contained the 
rifampicin sensitive wild type PSl cells, or one of 7 rifampicin 
resistant mutants derived from this strain. 
5.3 RESULTS 
5.3.1 PATTERNS OF BACTERIOCIN PRODUCTION AND BACTERIOCIN SENSITIVITY 
Of the 36 Bacteroides strains investigated, 20 were found to produce 
bacteriocin-like antagonism which inhibited the growth of at least 
2 of the other 35 strains they were tes t ed against (Table 5.1). The 
36 strains could be divided into 4 groups . Strains in Group A were 
the strongest bacteriocin producers which had the widest spectrum 
of activity . The strains in this group were to a large extent 
resistant to the bacteriocins produced by the other strains, although, 
all but 2 were sensitive to at least one of the other bacteriocins. 
Strains in group B all produced some bacteriocin activity but these 
bacteriocins were only effective against a limited number of strains 
and in almost all cases only very small zones of inhibition were 
produced. All the strains in this group were sensitive to a number 
of bacteriocins produced by other strains . Group C contained 12 
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TABLES.l: Bacteriocin production and sensitivity patterns in 36 strains of Bact~roides belonging to the 
fragilis _rroup. 
The strains have been grouped into 4 groups (A,S,C,O) along the horizontal axis according to 
their ability to produce bacteriocin. On the vertica l aX1S strains have been grouped accord-
ing to their patterns of ~es;stance to bacteriocin. 
KEY: B1 ack squares clear zones > 2 mm in width 
Black circle clear zones < 2 /l11l in width 
Stippled square turbid zones > 2 mm in width 
St;p~led circle turbid zones < 2 nvn in width 
Blae centre small clear zone surrounded by turbid zone. 
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strains. none of which produced any inhibitory activity against any 
of the other stra ins which were tested, however all of the strains in 
this group showed marked sensitivity to the majority of the bacteriocins 
produced by the group A strains and most were sensitive to some of the 
bacteriocins produced by the group B strains. Group D contained 
only 4 stains and was interesting as these stains were the only 4 
stains to show very strong colonial phase variation . All 4 of these 
stains were resistant to the bacteriocins produced by all the stains 
tested, and none of them produced any activity against any of the 
other strains. The significance of the relationship between the 2 
phenomena is not known. 
The inhibition zones produced by group Astrains were normally clear 
and c. 5 mm in width. However on some sensitive strains turbid zones 
were produced and in some cases only narrow zones < 2 mm in width were 
produced . Most of the zones produced by the group B strains were 
quite narrow « 2 mm in width) and in about half the cases the zones 
were either turbid or had a very narrow clear zone surrounded by a 
turbid zone . 
Except for the 2 strains RBS 2 and RBS 3 all the other producer strains 
showed different patterns of activity against the sensitive strains. 
The patterns of sensitivity exhibited by the various strains also 
differed in most cases. Again it is interesting to note that the 
strains RBS 2 and RBS 3 showed similar sensitivity. Both these strai.ns 
were identified as B. vulgatus which suggested that these two strains may 
have come from the same source. However they were isolated at 
different times and from sources which were 800 km apart. 
None of the 20 producer strains had any inhibitory effect on the 
12 species of bacteria belonging to other groups which were tested. 
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(FusobacteriUm varium, Fusobacter ium mortiferum, Escherichia coli B, 
Escherichia coli K12 , Shi gella boydii, Salmonella typhimurium, Proteus 
vulgaris, Klebsiella pneumoniae , Enterobacter aerogenes , Serratia 
marcescens , Clostri dium per fringens , Staphylococcus aureus . ) 
Material isolated from the zones of inhibition of all 20 producer 
strains was tested for the ability to produce plaques . In no cases 
were any of the inhibitory effects found to be transmissible . 
5.3 .2 THE INDUCTION OF BACTERIOCIN 
Mit C and UV radiation had li.ttle or no effect on the production of 
bacteriocin in any of the 36 strains tested. Although minor variations 
in the type and size of some of the smaller zones were noted, these 
variations were erratic and the results were not reproducible. 
The patterns of sensitivity remained essentially unchanged under all 
conditions . Exposure of the 2 producer strains PBl and RB3 to Moj o;: C 
and UV radiation had no effect on the amount of bacteriocin produced. 
5.3.3 BACTERIOCIN ASSAY 
The simplest method for the detection of bacteriocinogeny is the 
spot test (Mayr-Harting et al., 1972). However this method was not 
found to be very successful and the well technique described in 5.2.4 
was found to be superior in all respects . However even with this 
technique difusion of the bacteriocin was slow and increased zone 
sizes were obtained if the plates were held anaerobically overnight 
at RT or at 40 C before incubation at 37°C . 
5.3.4 DETERMINATION OF OPTIMAL CONDITIONS FOR BACTERIOCIN PRODUCTION 
The effect of the nutrient status of the culture medium on bacteriocin 
production was investigated by assaying bacteriocin production in 
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strains POl and RB3 grown in MM, peptone yeast extract medium, and 
BHI broth. No detectable bacteriocin production occurred in MM and 
bacteriocin production was 2-4 times higher in BHI broth than in 
peptone yeast extract medium . The same levels of bacteriocin production 
were obtained after 12 h incubation at 300 and 370 C. 
5.3 .5 THE RELEASE OF EXTRACELLULAR BACTERIOCIN 
In the two strains tested (PBl and RB3) bacteriocin was first detected 
in the supernatants of cultures in mid exponential phase and the 
maximum titres of extracellular bacteriocin were obtained during early 
stationary phase (Fig. 5.1) . In both strains tested a gradual decrease 
in bacteriocin titre occurred over the remainder of the 72 h period. 
5.3.6 THE LOCALISATION OF THE BACTERIOCIN 
it The greatest bacteriocin activity was found to be ext racellular . 
Washing the cells with 1 M NaCl did not release any significant amounts 
of bacteriocin indicating that the bacteriocin was not bound to the 
cel l membrane. In addition no significant amounts of bacteriocin 
were found in the disrupted cell material (Table 5.2) . 
5.3.7 THE ISOLATION OF BACTERIOCI N RESISTANT MUTANTS 
Attempts were made to isolate stable bacteri oc in-res i stant mutants 
from 10 different susceptible strains of Bacteroides . (PS1, PS2, PS4, 
PS5, PS7, PS8, RBS3, RS1, RS5) following mutagenic treatment with 
NTG. Resistant colonies were observed to occur in all the strains 
tested even in the absence of mutagenic treatment . However the 
number of resistant colonies increased after mutagenic treatment . 
~ 
I 
~ 
E 
'" 
'+-
U 
109 
108 
• 
o 24 48 
Time (h) 
72 
Fig . 5.1. The release of extracellular bacteriocin in 
64 
32 
16 
8 
4 
2 
o 
B. fragilis PBl and RB2 grown in BHI broth. Growth curve of 
PBl and RB2 cells grown in BHI broth (e). Bacteriocin titre 
in AU produced by PBl (L:,) and RB2 (.). 
98 
=> 
ct: 
<= 
Q) 
>-
..., 
.~ 
f--
<= 
.~ 
U 
0 
.~ 
>-
Q) 
..., 
u 
"' al 
TABLE 5.2 
Localization of the bacteriocin. 
Bacteriocin activity (AU) 
Bacteriocin Age of 
producing strain culture( h) Extracellulara Cell bound b 
6 8 
PSl 12 64 
18 64 
6 8 
RB2 12 32 
18 16 
a = Culture supernatant. 
b = Cells washed with 1 M NaCl and supernatant assayed. 
c = Sonication of SOS treated cells. 
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2 
2 
2 
2 
2 
Intracellularc 
1 
1 
1 
CD 
1.0 
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A high proportion of these colonies (>50%) showed an increase in 
opacity and were found to contain encapsulated cells, even in strains 
which did not normally appear to produce encapsulated cells. Colonies 
exhibiting altered morphology and containing encapsulated cells were 
found to produce a high proportion of bacteriocin resistant cells on 
re-testing . These clones persisted through a number of subcultures 
but the proportion of colonies containing encapsulated cells decreased 
rapidly during each subculture until eventually all these variants 
disappeared from the population . In those strains tested clones 
containing encapsulated cells were resistant to bacteriophage 
infection. No stable bacteriocin-resistant mutants were isolated 
using this technique . 
5.3.8 THE EFFECT OF BACTERIOCINS ON RIFAMPICIN - RESISTANT MUTANTS ISOLATED 
FROM THE INDICATOR STRAIN PSl 
An investigation of one of the Bacteriocins (PB1) undertaken by K. Mossie 
as part of a M.Sc. thesis,showed that this bacteriocin had a novel 
mode of action. The primary event of the bacteriocin action was 
found to be the inhibition of RNA synthesis . Since the mode of action 
of the bacteriocin and rifampicin appeared to be similar, in that 
both affect RNA synthesis, the action of the bacteriocins of 10 
different producer strains were tested against rifampicin-resistant 
mutants isolated from a susceptible strain (PS1). All the 
bacteriocins were found to be inactive against between 2 and 6 of the 
7 rifampicin resistant mutants (Table 5.3). Those mutants which 
were susceptible to particular bacteriocins, showed hypersensitivity 
compared to the wild type strain . Each mutant showed different 
patterns of resistance and hypersensitivity to the different 
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TABLE 5.3 
The effect of different bacter ioc ins on rifampicin-resistant mutants 
isolated from the indicator strain PS1. 
Indicator Bacteriocins produced by different strains of Bacteroides 
strain 
PS1 RS8 RB1 RB2 PB2 P.B3 RBS3 RB3 RB4 RBS2 PB1 
WT + + + + + + + + + + 
Rif 13 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ 
Rif 15 ++ ++ ++ ++ ++ ++ ++ ++ ++ 
Rif 1 ++ ++ + + + + 
Ri f 14 ++ ++ ++ ++ ++ 
Rif 4 ++ 
Rif 2 
Rif 16 
= Not sensitive 
+ = Sensiti ve 
++ = Hypersensitive 
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bacteriocins (Table 5.3). A number of the bacteriocins showed 
similar patterns of activity against the rifampicin-resistant mutants 
These results suggest that all the bacteriocins had a similar mode 
of action, which appeared to be linked to the target which determines 
resistance or sensitivity to rifampicin. 
5. 4 DISCUSSION 
Bacteriocins were produced by just over half of the strains of 
Bacteroides tested, and they were found to specifi ca l ly inhibit other 
strains of Bacteroides . Similar findings were reported by Beerens 
et aZ . (1966) and Booth et aZ . (1977) . Neither the pattern nor 
amount of bacteriocin produced was significantly altered by exposure 
to known colicin inducing agents such as UV radiation or mitamycin C. 
In the 2 bacteriocins investigated, both were found to be released 
extracellularly into the growth medium at the end of the exponential 
phase of growth . Both were found to be unstable in the growth medium 
and maximum titres were present for only a few hours after which a 
gradual decrease in the titre occurred. The cause of the drop in 
titre was not investigated. 
The partial characterization and mode of action of one of these 
bacteriocins (produced by strain PB1) has been subsequently undertaken 
(Mossie et aZ ., 1979). The bacteriocin was found to be 
proteinaceous and had a low molecular weight (13 500) . It was 
stable between pH 7,5 and 8,2 and the majority of the bacteriocin 
was found to be thermolabile, but a small proportion (3% ) was heat 
stable. Both temperature and the growth state of the sensitive 
cells were found to affect killing . The mode of action of the 
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bacteriocin was found to be unusual in that the primary event in its 
action was the inhibition of RNA synthesis. It was found to inhibit 
RNA synthesis immediately, followed by the inhibition of protein 
synthesis after a 20 min delay, presumably as a result of the initial 
inhibition of RNA synthesis. The bacteriocin had no effect on DNA 
synthesis. 
Since the mode of action of the bacteriocin resembled that of rifampicin, 
in that both affect RNA synthesis, the action of the bacteriocin was 
tested on a number of rifampicin-resistant mutants isolated from a 
sensitive strain (PS1). Of the 10 rifampicin-resistant mutants 
tested 9 were found to be resistant to the action of the bacteriocin 
as well. One mutant was found to be hypersensitive to bacteriocin 
action (Mossie et al. , submitted for pUblication). All the 
rifampicin-resistant mutants were found to adsorb bacteriocin, and 
the mutants appeared to be tolerant due to an alteration in the 
target site of the bacterium rather than in the receptor site. These 
results suggest a link between the target site of rifampicin and the 
target site of the bacteriocin action, although these do not appear 
to be identical, as different mutants showed different degrees of 
resistance to the bacteriocin. The presence of a bacteriocin 
inhibitor in crude extracts of the producer strain was sugaested, as 
high concentrations of the bacteriocin inhibited RNA synthesis. The 
action of bacteriocins from 10 different producer strains were tested 
against a number of different rifampicin-resistant mutants isolated 
from a sensitive strain. All of the bacteriocins were inactive 
against some of the mutants suggesting that they all had a similar 
mode of action to the bacteriocin ,produced by the stain PB1. The 
mutants however showed a variety of patterns of resistance to the 
different bacteriocins indicating that the variations in the 
sensitivity of the cell target (RNA polymerase?) to different 
bacteriocins is highly specific. This complex relationship 
between the bacteriocin and the cell target, may be responsible for 
the unique patterns of bacteriocin sensitivity displayed by 
susceptible strains. 
Attempts to isolate bacteriocin-resistant mutants resulted in the 
isolation of numerous resistant colonies displaying altered 
morphology and containing a high proportion of encapsulated cells . 
These resistant clones were not stable and they appeared to have 
arisen through the selection of encapsulated cell variants in the 
population which were resistant to the action of the bacteriocin . 
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The exposure of strains which normally did not appear to produce 
encapsulated cells, to mutagenic agents, resulted in the production of 
encapsulated clones . Although the bacteriocin partially characterized 
by Mossie et al . (1979) was found to be a protein of low molecular 
weight it would appear that the presence of a capsule surrounding 
the cell prevents the action of the bacteriocin, presumably by 
blocking the receptor sites. The bacteriocin characterized by 
Booth et al. (1977) differed from the one mentioned above in that it 
appeared to have a much higher molecular weight (> 300 000). The 
4 strains of Bacteroides which showed strong phase variation were 
found to exhibit a unique pattern, in that none of them produced 
bacteriocins effective against any of the strains tested, and none of 
them were susceptible to any of the bacteriocins produced by any of 
the other strains. The significance of this observation is not known 
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but it seems unlikely that it is due t o coincidence. The results 
of this investigation indicate that complex mechanisms appear to be 
present in members of the B.fragilis group which can affect the 
sensitivity of individual strains to the action of bacteriocins . Two 
different systems appear to be present, one of which acts at the 
receptor site and one which acts at the target site in the cell. 
The properties of the ba cteriocins as revealed by laboratory experiments 
raises a number of interesting questions about the significance of 
bacteriocins in the natural envi r onment (e.g . the alimentary tract) . 
It might be expected that bacteria which produce bacteriocins would 
have an advantage over susceptible strains occupying the same 
ecological niche. Experiments conducted with E. coli indicate that 
there is little,if any, evidence that the ability to produce colicins 
confers any particular advantage on the producer strain in the 
alimentary tract (Sears et al ., 1950; Robbins et al. , 1957; Branche 
et al ., 1964; Vieu, 1964; Cooke et al ., 1972). Smith & Huggins 
(1976) have however, demonstrated that the presence of the Col V 
plasmid leads to an increase in pathogenicity and the ability to 
survive in the alimentary tract, but not through the action of the 
colicin . 
In a study of the role of bacteriocin production in strains of 
Bacteroides in the ecology of the colon, Booth et al . (1977) observed 
the simultaneous presence of both bacteriocin producing and susceptible 
strains in the human colon. Their results showed that not only did 
susceptible strains persist in the presence of producer strains, but 
the producer strains remained in the minority (9-35% of the total 
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isolates) . Only one producer strain persisted at detectable 
levels throughout the 25 weeks of the program. In the system 
studied by these workers the ability to produce bacteriocin did not 
appear to give the producer strain any advantage over the susceptible 
strains . They did however point out that due to the complexity of 
the system, the possibility that bacteriocin production may play 
some role in the ecology could not be ruled out . The role of 
bacteriocin production in the ecology of cell complexes growing on 
the surfaces of the alimentary tract, would be very difficu l t to 
determine . 
CHAPTER VI 
SUMMARY AND CONCLUSION OF PART I 
The need for genetic studies on obligate anaerobes has become apparent 
in recent years. The aim of this study was to establish a genetic 
system for the controlled mapping of genes in members of the B.fragilis 
group. In addition to the genetic mapping of chromosomal markers, 
the establishment of such a system could be of value in studies of 
anaerobic physiology, virulence and the transfer of the determinants 
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of antibiotic resistance in this group. With this end in view a variety 
of mutants were isolated from a number of strains of Bacteroides. 
During efforts to isolate mutants it became apparent that the mutagenic 
treatments which were used,caused a rapid loss of viability in the various 
stains, while low yields of mutants were obtained. 
Although the transfer of plasmids by conjugation has been shown to occur 
in Bacteroides, no evidence for plasmid mediated transfer of chromosomal 
markers has been reported . Burt & Woods (1977) succeeded in obtaining 
transfection of phage DNA in a strain of B.thetaiotaomicron, whi.ch 
resulted in the production of virulent phage particles, however attempts 
to obtain transformation using similar techniques were unsuccessful . 
Attempts by the same workers to obtain transduction with the same phage 
were also unsuccessful. In spite of using a number of different phages 
and recipients Booth et al . (1979) were also unable to obtain transduction 
in any of the phage-host systems used. In this study attempts to 
obtain transduction using a number of different phages specific for 
B.fragilis and B. thetaiotaomicron also failed to demonstrate transduction. 
All the phages isolated during this investigation were virulent and 
attempts to induce lysogenic phages were unsuccessful. Booth et al . 
were also unab l e to isolate any temperature phages in spite of an 
extensive search for such phages. 
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Although there is evidence to show that extrachromosomal DNA can be taken 
up by Bacteroides cells there is no evidence to show that genetic 
recombination occurs in these cells. In all the bacterial systems 
which have been investigated so far, chromosomal recombination involving 
an exogenote has been shown to require a functional recombination system 
in the recipient cell . This system is also required for the repair 
of damaged DNA by certain repair pathways, and is essential for the 
induction of mutation by UV radiation and a number of other mutagenic 
agents . This system has also been shown to be required for the induction 
of prophages and a number of other physiological processes in E. coli. 
The lack of success in obtaining chromosomal recombination in members of 
the Bacteroi aaceae , along with the inability to induce prophages, and the 
difficulties encountered in inducing mutants, pointed to the lack of 
function of such a system in this group under the conditions used. In 
the light of this observation, it seemed that an investigation to try 
and determine whether recombination function was reduced or absent under 
some or all conditions, wou l d be informative. It was considered that 
such a study might provide information which could be used to try and 
induce or optimise recombination processes in these organisms if they 
were found to be present. Methods which have been developed for the 
study of bacterial genetics have all been designed for use with aerobic 
bacteria . Working with anaerobi c bacteria presents a number of 
difficulties and requires many specialized techniques, and it was 
considered that some of the difficulties experienced in obtaining 
recombination , mutation and induction in Bact eroides might have been 
due to attempting to apply techniques designed for aerobic bacteria, 
to studies on anaerobic bacteria . 
Experiments using UV irradiation have made significant contributions, 
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both to the study of DNA repair mechanisms, and the induction of mutation. 
Much of the current information, showing that common enzymatic steps and 
pathways are involved in the process of recombination, DNA repair and the 
induction of mutations, has been obtained for such experiments. As 
the effects of UV irradiation on bacterial DNA are amongst the most 
extensively studi ed ,the use of this agent appeared to be the obvious 
choice for such studies on B. fragilis . However, before investigating 
the effect of physical or chemical treatments on the DNA, it is 
necessary to have some knowledge of the responses of the organism to 
damage or alterations to the DNA molecule. Thus, a study of the 
physiological responses of B. fragilis to the effects of UV irradiation 
was considered to be a suitable starting point . 
investigation are reported in Part II. 
The results of this 
During the course of this investigation a number of interesting 
features associated with the B.fragilis group emerged. A common 
feature of all the strains studied, was the presence of colonial 
variation associated with the production of extracellular materia l by 
some of the cells within the population. The production of 
extracellular material appeared to interfere with the attachment of 
both phages and bacteriocins to receptors on the cell surface and 
resulted in the cells becoming resistant. Segregation of variants 
of the opposite cell type at high frequency appeared to be responsible 
for the establishment of a carrier state in phage infected cells. This 
phenomenon was, to a large extent, unaffected by growth conditions. 
Bacteriocin production was also found to be common among the strains 
investigated and all those ba cteriocins tested were found to be 
ineffecti ve against a number of rifampicin-resistant mutants 
isolated from a susceptible strain. This suggested that a common mode 
of action involving the inhibition of RNA synthesis might occur in 
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all these bacteriocins. A complex relationship between the bacteriocin 
and the cell target (RNA polymerase?) indicated that this might be the 
basis of the specific patterns of inhibition observed in thi s group. 
PART II 
PHYSIOLOGICAL RESPONSES OF BACTEROIDES FRAGILIS TO 
TO FAR UV RADIATION 
CHAPTER VI I 
THE SURVIVAL OF B. FRAGILIS AFTER FAR UV IRRADIATION 
7. 1 INTRODUCTION 
The nature of damage caused by far ultraviolet (UV) radiation and the 
relationship of such damage and its repair to lethal and mutagenic 
effects, has been extensively studied in bacteria and their bacterio-
phages. It should, however, be noted that most of the studies which 
have been carried out on the physiological responses of bacteria to 
UV radiation have involved the single species, E.coli and its bacter-
iophages. The vast literature pertaining to the various aspects of 
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UV photobiology has been extensively reviewed and much of the informa-
tion used in this and the following chapters has been obtained from 
the following reviews. The nature of photobiological damage has been 
reviewed by McLaren & Shugar (1964), Smith (1964), Jagger (1967), 
Wang (1976), Smith (1976), and Smith (1978a) . The various physiological 
and mutagenic responses of bacteria to UV radiation have been reviewed 
by Rupert & Harm (1966), Doudney (1968), Witkin (1976), and Swenson (1976). 
The mechanisms of DNA repair have been reviewed by Jagger (1958), Metzger 
(1964), Hanawalt & Haynes (1967), Set10w (1967a), Set10w (1968), Mors1ey 
(1968), Grossman et al. , (1975), Hanawalt (1975), Hanawalt & Set10w (1975), 
Smith (1978b) and Hanawalt, Friedberg & Fox (1978). 
7.1.1 FAR UV RADIATION 
UV radiation is widely used in the laboratory both as a sterilizing 
agent and as a tool to study the effects of radi ati on on bi 01 ogi ca 1 
systems. The UV region of the electromagnetic spectrum is considered 
to cover the wavelengths between 100 and 380 nm (Jagger, 1967) . Both 
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air and water absorb UV radiation below about 190 nm and the region 
from 100 to 190 nm is therefore called the extreme or vacuum UV region. 
Atmospheric ozone cuts off solar UV radiation at about 300 nm and this 
feature is often used to divide the remaining UV region into the near 
UV region (300 to 380 nm) and the far UV region (190 to 300 nm). How-
ever, these definitions are far from universal (Jagger, 1967; Webb, 1977). 
Nucleic acid bases maximally absorb UV radiation of a wave length of 
260 nm, and far UV radiation of this wavelength produces the maximum 
lethal and mutagenic effects in cells (Kleczkowski, 1951; Jagger, 
1967). 
In the laboratory the most widely used sources of far UV radiation are 
low pressure mercury lamps (germicidal lamps) which emit more than 80% 
of their output at 254 nm which has 85% of the biological activity of 
the most efficient wavelength, 260 nm (Jagger, 1967). Although the 
effects of near UV light on biological sys tems has attracted an in-
creasing amount of attention (Webb, 1977 ) only the effects of far UV 
radiation are dealt with in this study, and unless otherwise stated, 
UV radiation should be taken to mean radiation consisting mainly of 
the wavelength of 254 nm. 
7.1.2 THE NATURE OF DAMAGE CAUSED BY UV RADIATION 
DNA has repeatedly been shown to be the primary target for UV radiation 
in the cell. Long before the biological role of DNA was appreciated and 
the specific photochemical products in DNA were identified, a number of 
observations were made which implicated DNA as the major target for UV 
radiation. It was found that the absorption spectrum of DNA closely 
follows the action spectrum for both killing and mutagenesis in bacteria. 
In addition to UV radiation many other agents are known to be respon-
sible for the formation of lesions in the DNA of living cells . These 
agents may have a direct action in which damage to the DNA is caused 
by the primary agent, or they may have an indirect action in which the 
damage to the DNA is brought about by the action of active oxygen 
species, which are formed by the reaction of the primary agent with a 
non-DNA target. Far UV radiation acts predominantly or completely by 
direct action on the DNA, and it is known to bring about a number of 
different photochemical alterations in the DNA. These are responsible 
for the adverse effects on cells exposed to UV radiation . 
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Only pyrimidine and purine residues in the DNA molecule absorb UV radia-
tion . Deoxyribose which makes up about 40% by weight of the DNA, exhibits 
no absorption at wavelengths above 230 nm and so it does not undergo any 
direct photochemical alterations (Smith, 1978a). Purines are approximately 
ten fold more resistant to photochemical alteration than are the pyrimid-
ines (Smith 1978a), and of the different lesions produced by UV, pyrimid-
ine dimers are formed in the greatest quantity and appear to have the 
greatest biological importance. These cyclobutane type of dimers are formed 
in vivo by lethal and sublethal doses of UV radiation and 'form between 
adjacent thymine residues, or, adjacent cyt osine residues, and mixed 
dimers can form between cytosine and thymine residues. The unique chemical 
stability of the cyclobutane ring formed in dimers of thymine, and the 
relative ease with which they can be detected, has made this photoproduct 
the most frequently isolated, assayed and studied. Since their discovery 
by Beukers & Berends (1960) these photoproducts have played a key role 
in the design and interpretation of experiments in photobiology. Other photo-
products which are formed in smaller amounts have been studied far less 
intensively and their biological significance still remains obscure . 
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Although the number of different types of molecular reactions between 
pyrimidine residues is limited, the number of possible reactions 
between pyrimidines and other types of compounds are almost unlimited 
(Smith, 1978a). Adducts betvleen pyrimidine and other molecules are 
known to occur in vegetative bacterial cells, but do so in very much 
smaller numbers than do adducts between two pyrimidines to form dimers. 
These heteroducts are hO~lever, found in very much higher numbers in UV 
irradiated bacterial spores (Smith, 1978a). The first such heteroduct 
reaction to be discovered in vivo was the cross linkage of pyrimidines 
and proteins and such heteroducts have been shown to have biological 
significance (Smith, 1976; Sperling & Havron, 1977). In addition to 
proteins a number of other compounds have been shown to combine with 
nucleic acid bases during UV irradiation. Studies on these types of 
heteroducts are still in their infancy, but it is possible that these 
types of heteroduct reactions could playa significant role in the 
radiation biology of the cell. 
In addition to the bimolecular reactions discussed above individual 
pyrimidine residues are also known to undergo a number of unimolecular 
reactions including hydration, oxidation and reduction after exposure 
to UV irradiation, but as yet the biological significance of these 
alterations has not been established (Wang, 1976). 
Photochemical reactions involving purines appear to be less important 
than those involving pyrimidines. Reactions between purine residues 
subjected to UV radiation do not occur to any significant extent. It 
has, however, been shown that purines do Torm heteroducts with other 
molecules after UV irradiation. They may do so more readily than do 
pyrimidines (Lenov et aL, 1973; Elad, 1976) but as yet the significance 
of such reactions in the cell has not been established. 
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In addition to the formation of cyclobutane dimers and other types of adducts, 
primary chain breaks in the DNA backbone are also found after UV irradia-
tion. These, however, occur in very low yields in contrast to the high 
yields produced by ionizing radiation and certain photochemical reactions 
mediated by near UV irradiation in the presence of sensitizers. Although 
deoxyribose cannot undergo direct photochemical alterations when exposed 
to UV irradiation, indirect photochemical reacti ons leading to a small 
number of breaks in the DNA backbone can occur (Rahn et al. , 1974) . 
7.1.3 THE BIOLOGICAL SIGNIFICANCE OF DAMAGE CAUSED BY ULTRAVIOLET RADIATION 
As the bacterial cell contains only one, or at the most a few copies of 
the chromosome, and due to the vital role of DNA in the cell, damage 
caused to the DNA has more severe implications for the functional integ-
rity of the cell, than does damage to most other cellular components . 
The preservation of the unique three dimentional structure of the double 
stranded DNA helix appears to be a prerequisite for unimpaired function 
in the cell . Damage to the DNA either by the formation of heterocyclic 
dimers or by single strand breaks leads to local distortions of the helix . 
Such distortions may lead to the inhibition of replication and transcrip-
tion and a deterioration in the fidelity of the DNA . 
Both the relatively large size of the chromosome and the chemical nature 
of DNA make it particularily vunerable to damage, and restoration of the 
structural integrity of the DNA by repair processes is therefore a vital 
function of all cells. Three major modes of DNA repair are known; photo- · 
reactivation, excision repair and post- replication repair . All three 
types of repair systems can bring about the repair of cyclobutane type 
dimers , suggesting the importance for the cell to be able to repair DNA 
damage under all types of metabolic conditions by means of these three 
overlapping systems . 
One of the first effects of the formation of UV photoproducts is the 
inhibition of DNA synthesis . For a period following UV irradiation 
DNA synthesis is al most completely inhib i ted and then i t resumes at 
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an increased rate (Kelner, 1953; Errera , 1954; Hanawalt & Setlow, 1960; 
Setlow et al. , 1963). Kelner (1953) was the first to show that DNA 
synthesis is much more sensitive t o UV radiation than either RNA 
synthesis or protein synthesis. It was originally thought that the 
presence of dimers blocked replication and that resumption of DNA 
synthesis occurred only after the dimers had been removed by repair 
processes (Setlow & Carrier, 1964; Swenson & Setlow, 1966). Later, 
Rupp & Howard-Flanders (1968) using excision deficient strains showed 
that although replication was blocked by dimer formation, DNA was syn-
thesized throughout the chromosome by initiation beyond the dimers. 
This synthesis between dimers, plus that of repair replication, probably 
accounts for the small amount of residual synthesis which can be detected, 
during the period that DNA synthesis is inhibited after exposure to 
relatively high fluences. During the first 15 min after receiving 
relatively low fluences of UV giving approximately 35% survival, Bi11en 
et al. , (1967) showed that 93% of DNA synthesis was semi conservative, 
and 7% was due to repair replication. The duration of the inhibition 
of DNA synthesis in E.coli has been found to be dependent upon the 
fluence of UV radiation (Doudney, 1965; Smith, 1969) and the maximum 
duration of inhibition is 45 min which is equivalent to one division 
cycle . Doudney (1965) showed that at low fluences the rate of DNA 
synthesis after resumption was about the same as that of unirradiated 
controls, but with higher doses the rate of synthesis was reduced . 
It has been shown that protein synthesis is necessary for the resumption 
of DNA synthesis (Doudney, 1959; Harold & Ziporin, 1958; Draculic & 
Errera, 1959). Doudney (1968) proposed that inhibition of DNA synthesis 
is due to irreversable damage to the replication site and the resump-
tion of synthesis requires that protein synthesis must occur to bring 
about reinitiation of DNA synthesis at the chromosome origin. Billen 
(1969) showed that the original replication point is inactivated after 
UV irradiation and is not restored by dark repair. Instead new sites 
of initiation of semiconcervative DNA synthesis appear preferentially 
at the fixed origin of DNA replication. It has been suggested that 
in some cases this premature reinitiation at new replication sites 
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could prove lethal to the cell (Billen & Carrier, 1971). Early resump-
tion of DNA synthesi s as well as increased viability is obtained if the 
damaged DNA is repaired by photoreactivation immediately after irradia-
tion (Kelner, 1953; Setlow et aZ ., 1963; Doudney, 1966). 
Bridges (1972) has proposed that DNA synthesis is stopped by single 
strand gaps that arise during repair and that the reinitiation of DNA 
synthesis after stalling at the replication points, involves a separate 
+ + dark repair system which is dependent on rea A and uvr gene products. 
The findings of Radman et aZ ., (1970) have suggested that the inhibition 
of DNA synthesis may playa role in enhancing repair and increasing 
survival after UV irradiation by allowing time for excision repair to 
act in the absence of DNA replication. 
Both RNA synthesis and protein synthesis are much less sensitive to the 
effects of UV irradiation than DNA synthesis (Kelner, 1953). Most of 
the available evidence indicates that di mers act as blocks which cause 
the termination of transcription. Evidence from sedimentation experi-
ments (Michalke & Bremer, 1969) has shown that RNA synthesised by irradia-
ted cells is shorter in length than the corresponding RNA synthesised 
by control cells. As a consequence there also appears to be an increase 
in the synthesis of abnormally short polypeptide chains in irradiated 
cells (Brunschede & Bremer, 1969). Wainfan et aZ ., (1963) reporte d that 
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the synthesis of ribosomal RNA was more sensitive to UV radiation than 
transfer RNA. Swenson & Setlow (1966) have proposed that RNA synthesis 
is less affected by UV radiation due to the fact that UV induced 
lesions occur at sufficiently widely spaced intervals, so that RNA 
synthesis can take place between the lesions. There are a number of 
reports (Swenson, 1976) that enzyme synthesis may be inhibited by 
catabolic repression after irradiation of E.coli cells. 
7.1.4 THE EFFECTS OF UV RADIATION ON RESPIRATION AND GROWTH 
Kelner (1953) was the first to demonstrate that respiration in E.coli 
was partially inhibited after UV irradiation. Later work by Hamkalo & 
Swenson (1969) and Swenson & Schenley (1970a)showed that UV radiation 
affected respiration in a unique way. They found that respiration contin-
ued at near normal rates for ~bout 60 min after irradiation and then 
there was partial or complete inhibition lasting for periods up to 
several hours . The degree of inhibition was found to be dependent on 
the growth conditions and the fluence of the UV radiation. At high fluen-
ces the cessation of respiration was permanent. Hamkalo & Swenson (1969) 
also observed that the cessation of respiration occurred about the same 
time that the synthesis of DNA resumed. They proposed that the cessa-
tion of respiration occurred as a consequence of DNA damage, and that 
the slowing down of metabolism takes place so that correction of the 
unbalanced growth that occurs during the inhibition of DNA synthesis 
can take place. 
Further evidence lead to Swenson & Schenley (1972) proposing a 
model in which they proposed the presence of a gene, under the control 
of a repressor, that codes for a protein involved in the control of 
respiration in the unirradiated cell. They suggested that radiation 
damage in the cell leads to derepression of the gene and the production 
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of excess protein which causes the permanent cessation of respiration. 
Inhibition or interference with RNA or protein synthesis after irradia-
tion prevents the inhibition of respiration (Swenson & Schenley, 1970a). 
Work carried out with repair deficient mutants (Swenson & Schenley, 
1974a) has indicated that the induction of the protein responsible for 
the inhibition of respiration is under the control of the r ec A and l ex 
genes in E.coli as are other UV inducible systems. 
The immediate biochemical causes of the cessation of respiration are not 
known but inhibition is associated with the disappearance of NAD and NADP 
from the cell (Swenson & Schenley, 1970b). In addition cells which have 
stopped respiring appear to undergo rapid changes in the cell envelope 
which leads to a marked increase in permeability of the plasma membrane 
(Swenson & Schenley, 1974b). The destruction of the cell membrane leads 
to cell lysis which can be detected by a drop of turbidity in the culture. 
The reason for the rapid deterioration in the integrity of the plasma 
membrane in cells in which respiration has ceased is not known . In rich 
media, respiration and growth of unaffected cells may be so rapid that it 
masks the cessation of respiration occurring in part of the population 
which has suffered lethal damage. 
Swenson's studies on the effects of UV radiation on respiration in E.coli 
have led to him putting forward the intrigueing proposal that radiation 
death in bacteria occurs as a result of a protein which is induced by 
radiation damage and is responsible for permanently inhibiting respiration 
in the lethally damaged cell (Swenson, 1976 & 1978) . 
Cell growth is fairly closely coupled to res piration in unirradiated and 
UV irradiated repair-profi cient E.coli cells (Hamkalo & Swenson, 1969), 
except where RNA and protein synthesis are inhibited. When respiration 
ceases or resumes, corresponding growth changes take place, except at 
high fluences where degradation of DNA appears to lead to complete 
breakdown in the control processes in the cell. 
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Under many conditions growth is delayed after UV irradiation. Helmstetter 
& Pierucci (1968) found that under conditions in which DNA synthesis had 
been inhibited in essentially all cells, some cell division continued for 
another 20 min. This division was attributed to cells that had completed 
the round of DNA replication prior to UV irradiation. This division 
appears to be responsible for the small increase in viability which 
occurs immediately after irradiation in cells incubated in liquid medium 
(Barner & Cohen, 1956; Okagaki, 1960; Smith, 1969; Swenson & Schenley, 
1970b). The increase is followed by a plateau or small drop in viability, 
this is followed later by an exponential increase in viable cells, indica-
ting the resumption of cell division (Smith, 1969; Swenson & Schenley, 
1970b; Boyle & Swenson, 1971). 
7.1.5 CELL DEATH AND SURVIVAL AFTER UV IRRADIATION 
One of the most obvious and important consequences of UV damage to DNA 
is the death of the cell. Yet in spite of an extensive study of the 
effects of UV radiation on bacterial cells during the past 50 years the 
cause of radiation cell death remains poorly understood (Swenson, 1976, 
1978). Since the discovery of DNA repair most theories put forward 
to explain radiation death have involved the disfunction of DNA caused 
by insufficiencies in repair processes. Contributing to and strongly 
supporting this point of view is the fact that radiation-sensitive 
mutants of E.coli and other bacteria are almost all deficient in some 
step or pathway in DNA repair. 
There have been numerous explanations put forward to account for the way 
in which UV radiation causes cell death. The following explanations, 
which have been put forward by different investigators, are listed in 
the review by Swenson (1976). 
(1) Strand breaks that are formed during excision, accumulate at 
high fluences because of saturation at the excision step of 
excision repair (Achey & Billen, 1969). 
(2) Dimer excision is inhibited by large UV fluences (Boyle & 
Setlow, 1970). 
(3) At high fluences the gaps in single strands of DNA formed 
during excision repair begin to overlap more and more and 
form double stranded breaks (Harm, 1968b; Mos s & Davies, 1974; 
Bonura & Smith, 1975). 
(4) DNA replicates prematurely during DNA repair and leads to 
double stranded breaks in the new duplex of parental and 
daughter DNA (Hanawalt, 1966). 
(5) Abnormal gene dosage and DNA membrane rearrangements arise 
due to the original replication point not being restored, 
and due to premature reinitiation at new replication sites 
(Billen, 1969; Billen & Carrier, 1971 ) . 
(6) Abnormalities arise in controlled production of functionally 
sequenced genome due to dampening of DNA replication over 
several post-irradiation cycles (Billen & Bruns, 1970a). 
(7) DNA replication is inactivated and not reinitiated (Doudney, 
1968 & 1971; Rude & Doudney, 1973) . 
(8) Derepression of operons are involved in the formation of 
unspecified enzymes (Rude & Alper, 1972). 
(9) Derepression of an operon is involved in the formation of a 
protein which acts as a division inhibitor in filament forming 
cells (Witkin, 1967). 
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(10) Cell wall synthesis in filament forming cells does not 
keep pace with general cell growth which leads to lysis 
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of filaments before division takes place (Brown & Gillies, 1972). 
(11) Depression of an operon is involved in the formation of a 
protein which inhibits respiration (Swenson & Schenley, 1972). 
(12) Photochemical formation of DNA-protein cross links occur 
(Smith e t al., 1966). 
The survival of cells after UV irradiation may be affected by a number of 
factors. The level of survival is dependent both on the intrinsic sens-
itivity of the cellular DNA to photochemical alterations as well as the 
ability of the cell to repair sublethal damage to the genome. The use 
of repair deficient mutants has contributed greatly to the understanding 
of the biological consequences of UV radiation. Studies on the response 
of bacterial cells to photochemical damage to their DNA have relied heavily 
on comparisons of cell survival after UV irradiation of repair-profi cient 
and repair-deficient cell types under different pre-and post- i rradiation 
treatments. These types of comparisons rely on accurate plating methods 
to determine survival curves under different circumstances. 
These methods involve dilution of cell suspensions irradiated with 
various UV fluences and spreading of known volumes onto solid culture 
media to obtain counts of the number of viable cells. Survival curves 
obtained by plotting the log of the surviving fraction of colony forming 
units (c.f.u.), versus fluence, have various shapes which are a consequence 
of many different factors. Interpretation of the shapes and slopes of 
survival curves may be made difficult because of the complex nature of 
events leading to cell death and cell survival . 
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7.2 MATERIALS AND METHODS 
7.2 .1 BACTERIAL STRAIN 
All experiments conducted on the physiological response of B. fragiZis 
to far UV radiation were carried out on a single strain of B. fragiZis 
(PS1) which was isolated from a clinical specimen at King Edward VIII 
hospital, Durban. This particular strain was selected because it had 
already been used in a number of other investigations and its identity 
had been confirmed by DrL.V. Ho1dman,V.P . I. & S.U. Anaerobe laboratory, 
Blacksburg, Virginia, U.S.A. This particular strain had been found to 
be sensitive to all the B. fragiZis bacteriophages isolated in our 
laboratory and is sensitive to the great majority of bacteriocins 
produced by our different strains of Bacteroides . In addition a 
number of different types of mutants have been isolated from this 
strain. 
7.2.2 CULTURE CONDITIONS AND GROWTH PROCEDURES 
Cells used in almost all experiments were grown in BHI broth. Statio-
nary phase cultures were obtained by subculturing a 100pful of cells 
from a plate culture into BHI broth and incubating overnight (15 - 18 h) 
at 370C. Exponential phase cultures were obtained by diluting different 
volumes of broth culture into fresh pre-warmed BHI broth under an 
anaerobic atmosphere (usually a 1 in 10 dilution). The 00 of the 
culture was monitored and the cultures were used when they reached 00 
giving the required number of cells (00 0,5 giving c. 109 ce11s,m1-1, 
or 00 0,7 giving c. 9 -1 2 x 10 cells m1 ). Cells that were to undergo 
irradiation were prepared either by diluting at least 300 times, 
or by first washing the cells and resuspending to give the 
required number of cells suitable for irradiation. All solutions 
and suspending fluids were first checked for the absorbance of 
different wavelengths of UV light before being used. The most 
commonly used suspending f lu i d was Ringer Solution . 
7. 2.3 UV IRRADIATION 
7 -1 Cell suspensions were normally diluted to give c . 10 c.f.u. m1 
and 7 m1 volumes were placed in flat bottomed glass Pet ri dishes 
9 cm in diameter so as to give a layer of suspended cells of c . 
0,5 mm in depth. The cell suspensions were shaken continuously 
during irradiation. The source of UV was a Hanovia portable germi-
cida1 lamp fitted with an intergra1 filter which emitted over 85% 
of its output at 254 nm. Irradiation was carried out at distances 
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varying between 15 cm and 10 cm below the lamp so as to give an 
intensity of 0,6 - 0,8 joules m- 2 s-l. The dose rate was periodically 
checked with either a YSI - Kettering 65A Radiometer calibrated 
against an Epp1y 12 Junction Bismuth Silver Thermopile or , a Black 
Ray UV meter (model J-225, UV Products Inc., California). UV irradia-
tions, dilutions and platings under anaerobic conditions were performed 
in an anaerobic glove box (Moodie & Woods, 1973b). Aerobic manipula-
tions were carried out on a laboratory bench . Initial work was carried 
out in a dark room using a red safe light. 
7.2.4 MEASUREMENT OF CELL SURVIVAL 
Survival curves of cells which had been irradiated with increasing 
f1uences of UV radiation were determined by removing samples at fi xed 
time intervals, and plating them on agar plates. The samples were 
diluted in Ringer solution and 0,1 m1 volumes of the ,appropriate dilution 
were spread onto the surface of agar plates which were then incubated 
under anaerobic conditions for 48 h at 37 0C. Each sample was plated 
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onto 4, 5 or 6 agar plates, the number of surviving colonies were 
counted, and the mean of the results were used to calculate the 
surviving fraction in each sample. In experiments to determine 
the survival curves of cells irradiated under anaerobic conditions, 
both the irradiation procedures and the subsequent dilution and 
plating procedures were carried out under strict anaerobic conditions 
in an anaerobic glove box. 
7.2.5 ASSAY OF CYCLOBUTYL PYRIMIDINE DIMERS 
The method of Setlow & Carrier (1964) was used to assay for the 
presence of pyrimidine dimers formed during UV irradiation. Some 
additional modifications of the initial technique (Carrier & Setlow, 
1971; Tyrrell, 197 3; and Tang & Patrick, 1977a) were incorporated 
into the method used to assay for dimers in B. fragi lis. A modifica-
tion of the method used by Tinnell & Macrina (1976) for the incorpora-
tion of labelled nucleotides into the nucleic acids of B. fragilis, 
was used to obtain incorporation of 3H-thymidine into the DNA of 
B. f ragilis cells. Pre-warmed tubes of minimal media (Varel & Bryant, 
1974), either with or without the addition of 0,2% casamino ac ids, 
were inoculated with mid- or late-exponential phase B. f ragilis cells 
(00 0,6 - 0,8). The cells used as the inoculum were either grown 
in minimal medium or in BHI broth and then centrifuged, washed three 
times and resuspended in Ringer Solution. The inoculum size was 
adjusted to give a starting 00 of 0,1, the final volume of the culture 
was 10 ml. These cultures were then incubate.9 at 37 0 C and as soon as 
the 00 of the culture reached 0,2,3H-thymidine (Amersham; specific 
activity 12,8 Ci/mM) was added under anaerobic conditions to give a 
final concentration of either 20 or 25 ~Ci ml- l . The cultures were 
incubated at 370 C and allowed to grow until mi~- or late-exponential 
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phase was reached (000,6 - 0,8). The cells were centrifuged at 
10000 Xg for 10 min at 40 C and washed 3 times and then resuspended 
in Ringersolution. The cells were diluted to give suspension of 
either 5 x 107 cells ml- l or 1 x 108 cells ml- l and the amount of 
3H-thymidine which had been incorporated into the cells was measured. 
Cell suspensions were irradiated in flat bottomed glass Petri dishes 
to give survival levels ofe.l, 0,5 or O, B (fluences of 30,34 and 
38 Joules ·m- 2respectively) and 0,5 ml volumes of the cell suspension 
were added to an equal volume of 10% TCA which was held at OOC for 
30 min. All dilutions and manipulations of samples irradiated under 
anaerobi c conditi ons were carri ed out in an anaerobi c glove box and 
plate counts were made to determine the number of viable cells in 
suspension before and after irradiation. Samples were centrifuged 
at 10 000 x g for 10 min at 40 C to separate the acid soluble and 
insoluble fractions. TCA insoluble fractions were washed once 
with 5% TCA (0,5 ml) and TCA soluble fractions were extracted 3 
times with an equal volume of ether to remove the TCA. Non-radio-
active thymine, cytosine and guanine (20 ~ g of each) was added to 
each sample to act as markers during chromatography. All samples 
were then evaporated to dryness in a vacuum desiccator. The dried 
fractions were then acid hydrolyzed in 0,2 ml of 98% formic acid at 
1750 C for 30 min. Acid hydrolysis was carried out in sealed thick 
walled pyrex tubes. After hydrolysis the contents of the tubes were 
frozen and the pressure which builds up in each tube during hydrolysis 
was released by holding the tip of the tube in a flame . The tubes 
were then opened and the hydrolysates were dried in a vacuum desiccator 
and resuspended in 0,02 ml of O,OlN HC1. This material was then 
assayed for thymine containing pyrimidine dimers using one- or two~ 
dimentional descending chromatography (Carrier & Setlow, 1971). 
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The samples were spotted onto 23 x 56 cm sheets of Whatmans No.1 filter 
paper and developed by descending chromatography for 16 - 20 h in 
a solvent consisting of .n butanol and water, 86:4 (v/v). After 
the first dimensional chromatograms were dry/the sections containing 
the thymine dimers were cut out and developed in the second dimension 
by descending chromatography, for 3 to 6 h using saturated ammonium 
sulphate, 1 M sodium acetate and isopropanol 80:18:2 (v/v). To 
determine the percentage of radioactivity in the thymine containing 
dimers, the thymine region of the first dimension was cut into 
strips 0,5 cm wide, and these were eluted with 0,5 ml of distilled water 
for 30 min at 370~ and the radioactivity was measured using insta-
gel (Packard) scintillation fluid in a Beckman scintillation counter. 
7 .3 RESULTS 
7.3.1 THE STABILITY OF THE SOURCE 
The output of the UV lamp was checked at 2 to 3 monthly intervals 
throughout the period of experimentation. A typical calibration 
curve (Fig. 7.1) shows that the fluence is c. inversely proportional to 
the distance from the lamp (~1eynell & Meynell, 1970): The lamp showed a 
small gradual loss in output during the period of use. In most 
experiments samples were irradiated at a distance of 10 cm from 
the lamp which initially gave a fluence of 0,8 Joules m-2 s-l 
7.3.2 THE INFLUENCE OF THE SUSPENDING MEDIUM ON THE EFFECT OF UV IRRADIATION 
The percentage of UV radiation of wavelength 254 nm which was absorbed 
by the different buffers used for cell dilution and in liquid holding 
experiments was measured using a spectrophotometer. The results showed 
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that the reducing agents and indicator used in anaerobic buffers 
strongly absorbed far-UV radiation (Table 7.1). This necessitated 
the use of an anaerobic suspending medium which lacked both reducing 
agents and indicator for anaerobic irradiation procedures. Ringer 
solution was used as the suspending medium for both anaerobic and 
aerobic irradiation procedures. However, when Ringer solution was 
used under anaerobic conditions, it was made anaerobic by first 
flushing with an anaerobic atmosphere while very hot . 
As a standard procedure cell s were first centrifuged and \~ashed in 
buffer twice and then diluted to give cell suspensions of c . 107 
-1 
cells ml (usually a 1 in 300 dilution). However, for experiments 
involving the irradiation of cells under anaerobi c conditions, it 
was thought that washing cells under aerobi c conditions might 
affect cell survival after irradiation. A comparison of cell 
130 
survival with and without washing before diluting 300 times in buffer, 
was made. Meynell 2. r,1eyne ll (1970) state that a 1 in 300 dilution 
of a culture in buffer is sufficient to negate any effects of the 
growth medium in the suspending buffer . The survival curves obtained 
for both exponential and stationary phase cells indicate that 
little or no difference i n survival was obtained under the two 
conditions (Fig. 7.2). Similar results were obtained when cell 
suspensions prepared in the same way were irradiated under anaerobic 
conditi ons. 
Although cells were normally i r radiated while suspended in Ringer 
~o lution, the survival of cells which were irradiated on the surface 
of agar plates was also determined as this procedure was used in 
one experiment (Fig. 7.3). The results showed that the cells irrad-
iated on the surface of agar plates appear very slightly more sens-
itive to UV radiation than cells suspended in buffer . 
TABLE 7.1 
Comparison of different buffers and holding solutions . 
Percentage of absorbance of UV radiation at 254 nm. 
Buffers and holding solutions % Absorbance 
Anaerobe solution (anaerobic) 100% 
Minimal salt solution (anaerobic) 100% 
Ringer solution (anaerobic) 100% 
Ringer solution + sodium thioglycolate 100% 
Anaerobe solution (aerobic) 37% 
Ringer solution + Resazurin (aerobic) 6% 
Minimal salt soltuion (aerobic) 3,5% 
Ringer solution (aerobic) 1% 
T2 buffer 0,5% 
. 
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Survival of B. fragiZis cells irrad-
iated under aerobic conditions after dilution 
(10- 7 ce lls ml- l ) with and without washing. 
Exponential phase cells without washing (0) and 
with washing (I). Stationary phase cells with-
out washing ( 11 ) and with washing (.). 
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FIG. 7.3 
The influence of the type of culture 
media and irradiation conditions on survival. 
Exponential cells grown in BHI (0) and MM (I) 
irradiated under aerobic conditions in buffer. 
Exponential cells grown in BHI media and 
irradiated on the surface of an agar plate (11). 
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7.3.3 THE INFLUENCE OF THE GROWTH MEDIUM ON THE SURVIVAL OF CELLS AFTER 
UV IRRADIATION. 
The survival curves for exponential phase cells which had been grown 
in BHI broth and minimal medium are shown in Fig. 7.3 The cells which 
had been grown in minimal medium show a slight decrease in sensitivity 
to UV radiation which is due to a small increase in the size of the 
shoulder . 
7.3.4 THE INFLUENCE OF THE GROWTH PHASE ON CELL SURVIVAL AFTER UV ~RRADIJ.nmj 
7.3 . 5 
The influences of the growth phase on cell survival was determined after 
irradiation under both aerobic and anaerobic conditions (Fig . 7.4). 
Exponential phase cell suspensions were prepared from cultures which 
had been grown to 00 0,7 and stationary phase cell suspensions were 
prepared from overnight cultures (15 h). 
Stationary phase cells show an increased resistance to UV radiation and 
the difference was particularly marked when the cells were irradiated 
under anaerobic conditions. The difference between the survival of 
stationary and exponential phase cells was very much less marked when 
the cells were irradiated under aerobic conditions, where only a very 
small increase in the resistance of stationary phase cells occurred. 
The changes in sensitivity appear to be caused primarily by variations 
in the shoulders of the survival curves rather than by any marked 
changes in the final slope of the curves. 
THE EFFECT OR · IRRADIATING CELLS UNDER ANAEROBIC AND AEROBIC CONDITIONS 
A marked decrease in the survival of B. f r agilis cells irradiated under 
aerobic conditions was observed when compared with the survival of 
anaerobically irradiated cel ls . The extent to which a modification 
alters the radiation response is called the dose-modification factor (DMF) 
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Survival curves of B. fragiLis cells 
after UV irradiation under aerobic and anaerobic 
conditions. Exponential phase cells irradiated 
aerobically (0) and anaerobical ly (I). Station-
ary phase cells irradiated aerobically ( £> ) and 
anaerobi cally (. ). 
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FIG. 7.5 
Survival curves of Stationary phase 
B. fragiLis and E.coLi cells after UV irradiation. 
B. fragiLis cells irradiated aerobically (0) and 
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Dose for a given effect 
DMF = Dose for the same effect i n presence of the modifier 
If the modifier decreases the effect of the irradiation (DMF<l) it is 
called the dose-reduction factor (DRF), and if it increases the radiation 
effect (DMF>l) it is called the dose-enhancement factor (DEF). In 
stationary phase cells the DEF due to the presence of air was 1,87 at 
1% survival and in exponential phase cells it was 1,41. The increase 
in sensitivity was mainly due to a decrease in the size of the shoulder 
rather than any major change in the final slope of the curves . 
7.3.6 A COMPARISON OF THE SENSITIVITY OF E. COLI AND B.FRAGILIS CELLS TO 
UV IRRADIATION 
Stationary phase (15 h) repair competent E.coZi K-12 cells, and a repair 
deficient E.coZi K-12 mutant (uvr A- ) were irradiated under aerobic 
conditions, and the survival curves plotted (Fig . 7.5) . The survival 
curves obtained in this study were similar to those published for these 
strains by other workers (Moss & Davies, 1974) . 
A comparison of the stationary phase survival curves for the E. coZi strains 
and B.fragiZis showed that when B.fragiZis cells were irradiated under 
anaerobic conditions survival was quite similar to the survival of 
repair competent E. coZi cells (Fig . 7.5) . However, when B. f r agiZis 
cells were irradiated under aerobic conditions a marked increase in 
sensitivity was observed . Survival levels were midway between those 
obtained for repair-proficient and repa i r-def i cient strains of E.coZi . 
7.3.7 THE EFFECT OF REPAIR INHIBITORS ON THE SURVIVAL OF ' IRRADIATED 
B. FRAGILIS CELLS . 
B.fragiZis differs from the other groups of bacteria which have been 
investigated so far, in that sensitivity to UV radiation varies, 
dependent on whether irradiation was carried out under aerobic or 
anaerobic conditions. Experiments were carried out to try and 
establish whether the different levels of survival were due to 
differences in the amount of damage to the DNA, or due to differ-
ences in the amount of repair occurring after irradiation. Inhibi-
tors known to inhibit different repair pathways in E.eoli were 
incorporated into the plating medium used to determine the fraction 
of c.f.u. surviving after irradiation, in an attempt to inhibit 
possible repair processes. 
Caffeine which is known to inhibit excision repair processes and 
thus inhibit both li quid holding recovery and host ce ll reactiva-
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tion in E.eoli (Swenson, 1976; Fong & Bockrath, 1979), was incorpor-
ated into the plating medium (BHI agar). The m.i.c. for caffeine incor-
porated into agar pl ates was determined as 2,5 mg ml- l and a concentra-
tion of 1 mg ml-l which was slightly lower than the m. i.c. used. 
When cells were plated onto caffeine plates after irradiation under 
both anaerobic and aerobic conditions a marked decrease in the 
number of surviving c.f.~. occurred (Fig. 7.6). The difference in 
the survival curves obtained was due to a very marked reduction in 
the size of the shoulder while the final slope of the curves remained 
unchanged. The reduction in the size of the shoulder occurred both 
in cells irradiated under anaerobic conditions and aerobic conditions 
so that the shapes of the two survival curves obtained on caffeine 
plates were very similar. A small shoulder remained and in different 
experiments the size of this shoulder varied to some extent (see 
similar curves in Figs. 8. 12, 10.4 & 10.5). 
In add i t ion to caffeine, sodium arsenite was also incorporated into the 
plating medium as it is thought to inhibit ree A dependent steps in 
DNA repair in E.eoli (Rossman et al., 1975). The m.i.c. of sodium 
<:: 
o 
:;:; 
u 
'" l-4-
o 
10 ~I«~~~~------------------------------' 
1 0- 1 
100r-=~~~~~-------------------------- I 
10- 1 
g> 10-2 10-2 
> 
.~ 
> 
l-
::J 
Vl 
-3 
10 10-3 
1 0 - 41 I I I "1 I \, 110-4 I I I I , 
o 10 20 30 40 0 10 20 30 40 
UV fluence J m-2 
FIG. 7.6 
Survival curves of exponential phase 
B. fragilis cells irradiated aerobically and plated 
onto BHI plates (0) and caffeine plates (.) and 
irradiated anaerobically and plated onto BHI pl ates 
( t, ) and caffeine plates (;'). 
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FIG. 7.7 
Survival curves of exponential phase 
B. fragilis cells irradiated aerobically and plated 
onto BHI plates (0) and sodium arsenite plates (.), 
and irradiated anaerobically and plated onto BHI 
plates (t,) and sodium arsenite plates (!). 
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arsenite in agar plates was determined 130 Pg ml- l and a concentra -
tion just lower than the m.i.c./which had no effect on the survival 
of unirradiated cells/was used in the plating medium (100 ~g ml- l ). 
From the survival curves obtained after plating on BHI plates 
containing sodium arsenite, it can be seen that this i nhibitor did not 
affect the survival of cells irradiated under anaerobic or aerobic 
conditions (Fig. 7.7). 
7.3.8 THYMINE DIMERS FORMED DURING IRRADIATION UNDER ANAEROBIC AND AEROBIC 
CONDITIONS 
In an attempt to establish whether a difference in the intrinsic 
sensitivity of DNA contributed to the different levels of survival 
after irradiation under anaerobic and aerobic conditions, the number 
of thymine dimers present in the DNA of the irradiated cells was 
assayed. The DNA of unirradiated cells was assayed as a control. 
Four separate experiments were attempted. Some difficulty was 
encountered in obtaining sufficiently high levels of incorporation 
of 3H-thymine into the DNA. Radioactive counts of between 20 000 
and 35 000 c.p.m. were obtained for both acid soluble and insoluble 
fractions and between 0,03% and 0,08% of the 3H-thymine occurred as 
dimers in irradiated samples (Fig. 7.8). Attempts to obtain higher 
levels of incorporation in order to ensure greater accuracy of the 
results, lead to smearing of the labe l led nucleotides in the 
chromatograms with a concomitant loss of definition. In the 
chromatograms the location of the markers and labelled regions was 
well defined and the Rf values calculated for the various spots 
were in agreement with the published values of Carrier & Setlow (1971). 
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FIG. 7.8 The percentage of thymine-containing pyrimidine dimers induced in the DNA of B. fragilis (acid 
insoluble fractions) in (A) unirradiated cells, (B) cel l s irradiated under anaerobic conditions 
(20 Joules m- 2), (C) cells irradiated under aerobic conditions (20 Jou l es m-2) . 
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The (T T) markers peaked between 12,5 - 15,5 cm corresponding to an Rf value of 6,4. 
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The percentage radioactivity in the dimer region from the acid 
insoluble fractions are shown in Fig. 7.8. The results indicate 
that the number of dimers produced when cells were irradiated 
with the same f1uence under anaerobic and aerobic conditions 
were very similar. 
7. 4 DISCUSSION 
The survival curves obtained by plotting the log of the surviving 
fraction of c. f.u . versus the f1uences may have var iou s shapes. In 
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B. f r agi lis as well as in many other repair competent bacterial cells, 
the survival curves are characterized by the presence of a shoulder 
which has nearly zero slope at low f1uences of UV radiation and a 
steeper slope (more negative) which tends to be exponential at 
higher f1uences . Many of the factors which bring about changes in 
the sensitivity of the cells, do so by causing increases or de-
creases in the size of the shoulder of surviving cells rather than 
effecting the slope of the final part of the curve . 
Haynes (1966) was the first to propose that the increase in cell 
death which marked the transition from the shoulder to the exponen-
tial part of the curve, was caused by a decrease in the efficiency 
of repair of the photochemical damage in the DNA. Haynes et al .> 
(1968) proposed that the position of each point on the survival 
curve is a function of both the initial damage (lethal hits) plus 
the degree to which t hese hits are repaired. Since then a number 
of explanations have been put forward to account for the existance 
of the shoulder on UV survival curves. Almost all of these models 
regard the shoulder region as one in which the most efficient 
repair takes place (Swenson , 1976). It has been suggested that at 
high UV fluences repair enzymes become saturated due to the 
increased number of lesions, or that the repair enzymes them-
selves become inactivated directly, by high UV doses (Haynes, 1966). 
The model which appears to provide the best explanation is the one 
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put forward by Harm (1968b) and later extended by Moss & Davies (1974). 
They suggested that the repairable regions on the complementary 
strands begin to overlap as the fluence increases,which prevents 
the formation of complete copies of the genetic material in these 
regions. They suggest that the amount of damage that can be re-
paired by the excision repair mechanism is related to the proximity 
of the UV-induced lesions to one another, along the DNA helix. It 
is known that in excision repair a length of nucleotides is removed 
during the repair process and replaced by new bases using the complemen-
tary strand as the template. As the density of lesions along the helix 
increases with the increasing UV dose there would be a progressively 
greater probability that excised regions on complementary strands 
would overlap resulting in the production of irrepairable l'esions, 
loss of the template, and possibly strand breaks in the chromosome. 
Available evidence strongly supports the explanation that the 
shoulder region of the UV survival curve represents increased 
survival levels in cells due to efficient repair which takes place 
after exposure to low fluences of UV radiation. This suggests that 
conditions under which an extended shoulder occurs are conditions 
under which repair is able to occur most efficiently, and where a 
reduction in the size of the shoulder occurs this is probably due 
to a decrease in the efficiency of repair. 
The survival of cells can be influenced by the conditions to which 
cells have been subjected, before irradiation. The growth phase of 
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the cells at the time of irradiation has been found to be particularly 
important in this respect (Swenson, 1976). The nutrient status of 
the cells at the time of irradiation can also have a marked effect 
on their later survival (Swenson, 1976). Both these factors appear 
to be related to the time taken for DNA replication to resume after 
UV irradiation, and there is good evidence to suggest that under 
conditions where the resumption of DNA synthesis is delayed after 
UV irradiation, excision repair is able to operate more efficiently, 
leading to increased survival (Radman et al . • 1970). 
Although the type of growth medium in which B. fragilis was grown 
before irradiation appears to have little effect on cell survival 
after irradiation, the slight increase in survival that was obtained 
in cells grown in minimal medium could be interpreted as being due 
to the fact that cells grown in minimal medium might take slightly 
longer before DNA replication begins, after plating out the cells 
on BHI aga~ thus allowing more time for repair to take place. 
It has been reported on numerous occasions that repair proficient 
strains of E.coli show greater sensitivity to UV radiation when in 
exponential growth than in stationary phase (Durham & Wyss, 1956; 
Ginsberg & Jagger, 1965; Hanawalt, 1966; Morton & Haynes, 1969; 
Tyrrell et al .• 1972). The difference in survival is due to the 
decreased size of the shoulder in survival curves of exponential 
phase cells, while the final slopes of survival curves tend to be 
similar for the two growth phases . The increase in sensitivity in 
exponential growth is associated with the excision repair capabili-
ties of the cells (Hanawalt, 1966; Morton & Haynes, 1969; Tyrrell 
et al .• 1972). Strains capable of excision repair (including rec-
strains of E.coli ) show substantially increased sensitivity during 
exponential growth (Tyrrell et al ., 1972). However, strains 
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deficient in excision repair (uvr- strains) did not show an increase 
in sensitivity during exponential growth. Hanawalt (1966) suggested 
that the cause of the sensitivity of repair proficient strains in 
exponential growth was the onset of DNA replication that takes place 
after the exc ision step has occurred but before the completion of 
the polymerization and rejoining steps have occurred. Attempted 
replication of the resulting single stranded regions of DNA would 
result in lethal configurations . The survival curve obtained for 
B. f ragilis after exponential phase and stationary phase cells were 
exposed to UV radiation, also showed a marked decrease in the survival 
of exponential phase cells. This decrease in survival was largely 
due to a decrease in the size of the shoulder . However, in the case 
of B. f ragilis cells, this increase in sensitivity was also linked 
to whether the cells had been irradiated under anaerobic or aerobic 
conditions. 
Inacti vati on of bacteri a by far UV 1 i ght has repe atedly been shO\~n to 
be independent of the presence of oxygen in all organisms which have 
been studied so far (Zetterberg, 1964; Webb & Lorenze, 1970 ; Webb, 1977) . 
This is the opposite of the effect of oxygen on near UV light where a 
marked lethal effect occurs (Webb, 1977) . This fact has been used to 
distinguish between the biological effects of far UV and near UV radiation . 
In B. fragilis the marked differences in survival encountered when cells 
were irradiated under anaerobic or aerobic conditions suggests that 
this obligate anaerobe differs from other bacteria which have been 
investigated, in that the lethal effects of far UV radiation are 
partially oxygen dependent. The difference in survival curves obtained 
for B.fragilis cells irradiated under anaerobic and aerobic conditions is 
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also largely due to differences in the size of the shoulder, rather 
than to any marked changes in the final slope of the curve . This 
suggests that the very marked increase in the sensitivity of the 
cells irradiated under aerobic conditions might be due to a decrease 
in the efficiency of repair processes, rather than an increase in 
the actua l photochemical damage to the DNA under aerobic conditions . 
Further experiments carried out to investigate these possibilities 
have tended to confirm this suggestion. The results obtained from 
the dimer assays indicated that the number of cyclobutane type 
dimers formed after irradiation under anaerobic and aerobic cond-
itions are not markedly different,and it does not appear that 
differences in the amount of photoproducts formed can account for 
the difference in survival that has been observed. Caffeine has 
been shown to inhibit liquid holding recovery in B. fragilis (8. 3.6) 
"/ 
and there is evidence to suggest that its action is the same as in 
E. coli and other bacteria, where it acts to block excision repair 
(Fong & Bockrath, 1979). B. fragilis cells which were plated 
onto caffeine plates immediately after irradiation show a marked 
drop in survival which is reflected as a decrease in the shoulder. 
The results obtained from the caffeine plating experiments suggest 
that both the increase in survival of stationary phase cells and 
in the cells irradiated under anaerobic conditions were due to 
excision repair processes which were almost completely inhibited 
in the presence of caffeine. This does not exclude the possibility 
that other repair systems contribute in a small part to repair or 
are involved in some other way. The lack of any effect on the 
survival of cells plated onto BHI agar containing sodium arsenite 
is interesting and can be interpreted as either that no rec A 
mediated repair processes are involved in the immediate post-irradia-
tion repair of DNA damage, or that if repair processes involving an 
145 
E. eoli type ree A gene product do occur in B. fragilis they are not 
inhibited by the presence of sodium arsenite. It would seem there-
fore that an excision repai r system is responsible for the shoulder 
which occurs in the survival curve of B. f ragilis cells after UV 
irradiation, and that excision repair is able to occur more efficient-
ly in stationary phase cells . This repair process differs from 
other systems which have been studied, in that although some repair 
occurs after irradiation under aerobic conditions the level of 
repair is much higher after irradiation has occurred under anaerobic 
conditions . It is not clear whether the difference in the level of 
repair observed is due to the reduction in the efficiency of a 
single system when exposed to oxygen, or whether 2 different systems 
or components are involved, one being inhibited in the presence of 
oxygen and the other functioning independently of oxygen. 
8 . 1 
CHAPTER VIII 
THE RECOVERY OF B. FRAGILIS CELLS AFTER UV IRRADIATION 
INTRODUCTION 
The recovery of bacterial cells following UV irradiation can be 
influenced by many factors, and a variety of pre- and post-
irradiation treatments have been used in the laboratory to study 
the way in which these different factors are able to affect ce ll 
recovery (Rupert & Harm, 1966; Swenson, 1976). Many of the 
treatments used have been found to affect recovery by retarding 
growth and DNA synthesis in irradiated cells, and allowing repair 
processes to operatemcre efficiently. The use of inhibitors, 
especially those which inhibit repair processes, have also proved 
to be extremely valuable in these studies. 
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Many of the original studies investigating theUV death and recovery 
of repair competent cells, used E.coli B cells and the i r derivatives . 
In many of the later studies, E.coli K-12 strains replaced E.coli B 
strains as the experimental organism. E.coli K-12 stra ins belong 
to a sexual line which offers ease of genetic manipulation in 
constructing special multiple mutants. Many pre- and post-irradiation 
treatments which enhance recovery after UV irradiation were discovered 
using an E.coli B strain. These treatments are much more effective 
in this strain than in either the radiation resistant B/rstrain which 
was developed from it, or in the E.coli K-12 strains. 
8.1.1 FILAMENT FORMATION 
Both E.coli Band B/r are repair competent but the latter is more 
resistant to radiation (Witkin, 1946). The difference in survival 
after UV irradiation between the two strains is related to the 
ability of strain B to form long nonseptate filaments, when 
incubated in a growth medium or other agents that inhibit DNA 
synthesis (Witkin, 1947; Errera, 1954). Very low fluences of 
UV radiation, that have only slight effects on survival will 
cause filament formation in nearly every cell of an E.coZi B 
culture (Deering & Setlow, 1957). Filament formation is gene-
tically controlled and the phenotypes of E. coZi Band B/r cells 
are sometimes designated fU+ and fiC respectively . A radia-
tion sensitive K-12 mutant, Zon, that formed filaments after 
exposure to UV or ionizing radiation was isolated by Howard-
Flanders et aZ . (1964b). These mutants formed watery mucoid 
colonies when plated onto rich solid media. The Zon gene has 
been shown to be i denti ca 1 to the cap R gene whi ch regul ates 
mucopolysaccharide synthesis (Markovitz, 1964; Markovitz & 
Baker, 1967; Zehnbauer & Markovitz, 1978). Mutants in the Zon 
(cap R) gene are pleiotrophic and they form nonseptate filaments 
after UV or nitrofurantoin treatment. In the absence of such 
treatment the synthesis of the ten enzymes involved in capsular 
polysaccharide (colanic acid) production are derepressed and an 
overproduction of the polysaccharide occurs, resulting in mucoid 
colonies . Zehnbauer & Markovitz (1978) suggested that the Zon 
gene product acts as a repressor, and they have cloned the gene 
in an attempt to identify and isolate the Zon gene product. 
Double Zon uvr strains are much more sensitive to UV radiation than 
strains with either single mutations, and the fact that Zon mutants 
can carry out excision repair shows that the mutants are radiation 
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sensitive for different reasons (Howard-Flanders et al. , 1964a ). The 
genes from E.coli have been transduced into wild-type K-12 strains 
and the radiation sensitive colonies selected are Zan and mucoid 
(Donch & Greenberg, 1968; Donch et al., 1969). The non-filamentous 
character of Sir cells is due to a mutation (suZ) which suppresses 
the Zan gene (Donch et aZ ., 1969). The Zan mutants are deficient 
in the ability to carry out cross wall formation during septation, 
following UV irradiation, and filaments equal to 50 - 100 normal 
cells containing apparent ly normal nuclear bodies, are produced 
(Howard-Flanders et aZ. ,1964b; Al der & Hardigree, 1965). The rate 
of DNA, RNA and protein synthesis in growing filaments is normal 
and the quantities and ratios are the same as in normal cells 
(Deering, 1958). If a Zon+ allele is introduced into an irradiated 
Zan cell, normal cell division takes place (Walker & Pardee, 1968). 
In irradiated Zon cultures, many filaments eventually do divide, 
others grow to a critical length and then lyse (Kantor & Deering,1966). 
Similarities between prophage induction and filament formation were 
poi nted out by Witk i n (1967). Both are mass effects caused by 
exposure to low fluences of radiation or other agents inhibiting DNA 
synthesis. Fluences that produce 10 - 20 pyrimidine dimers per cell 
are sufficient to induce filament forma t ion. The production of 
pyrimidine dimers appears to be the effective lesion as both effects 
are prevented by photoreactivation. Protein synthesis i s required 
for each to occur and chloramphenicol added after UV irradiation 
prevents them from occurring. Witkin (1967 ) hypothesized that UV 
irradiation brought about the derepression of an operon leading to 
the formation of a protein which inhibits cell division, and as long 
as the operon remains d~repressed and growth continues, filaments 
will be formed. When the operon is once more repressed, 
division of the filament occurs . If, however, the filament 
reaches a critical length before repression occurs, then re-
covery is not possible and death results. In addition, both 
filament formation and prophage induction only occur in ree A+ 
+ 
and Lex cells (Green et al., 1969; Donch et d ., 1968). 
The division of filaments, leading to colony formation can be 
brought about by a number of pre- and post-irradiation treat-
ments which cause a retardation in growth and DNA synthesis , 
and allow increased repair and recovery to occur (Swenson, 1976). 
Division of filaments leading to increased survival in irradiated 
Lon cells can be enhanced by the addition of cell extracts from 
E.eoLi B/ r, supporting the idea that Lon cells are defe ctive in a 
cell division promotion substance (Fisher et aL ., 1969). 
8.1.2 THE USE OF INHIBITORS TO INFLUENCE THE RECOVERY OF UV IRRADIATED 
CELLS 
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The use of inhibitors, particularly those which are known to inhibit 
DNA repair processes, have provided valuable insights into the 
recovery processes occurring in UV irradiated cells. Both caffeine 
and acriflavine are known to inhibit repair processes in bacteria 
(Sauerbier, 1964; Witkin, 1963; Feiner & Hill, 1963) . Caffeine 
i s :a purine analogue and. its action inhibits excision-repair 
pre venti ng the formati on of s ingle-strand breaks, when added 
immediately after irradiation . If caffeine is added after single-
strand breaks have already been formed the excision repair process 
is no l onger inhibited (Fong & Bockrath, 1979) . Caffeine also 
causes an increased delay in cell division and the delay is in 
pro porti on to the concentration (Witkin, 1959). Caffeine 
binds only to irradiated DNA and when bound, interferes with 
the binding of photoreactivating enzymes to dimers in the DNA 
(Doman et aZ ., 1970; Harm, 1970) . Caffeine does not affect 
post-replication repair processes (Fang & Bockrath, 1979) . As 
a consequence of its effect on excision repair, caffeine also 
inhibits liquid holding recovery and host cell reactivation 
and causes a decrease in cell survival and an increase in the 
mutation rate in the survivors (Witkin, 1959). 
Acriflavine has also been extensively used as an inhibitor of 
excision repair, however the action of acriflavine appears to 
be more complex and is not as well understood as caffeine. When 
acriflavine or other acridine dyes are added to cells before UV 
irradiation they have a quenching action, and act to protect the 
DNA by preventing the formation of dimers (Webb & Petrusek, 1966; 
Setlow & Carrier, 1967; Sutherland & Sutherland, 1969). Setlow 
(1964) found that the rate of dimer excision was reduced in the 
presence of acriflavine and Fong & Bockrath (1979) showed that 
acriflavine inhibited the formation of single-strand breaks in 
the DNA which occur as a result of the excision repair process. 
They also found that acriflavine inhibited post replication 
repair in addition to excision repair, which confirms early 
reports that excision repair mutants (uvr-) also show a decrease 
in survival in the presence of acriflavine (Alper, 1963; Harm, 
1967). Through its effect on DNA repair, acriflavine also in-
hibits liquid holding recovery and host cell reactivation and 
causes a decrease i n cell survival and a marked increase in the 
mutation rate (Witkin, 1961; 1963; Alper, 1963; Harm, 1967). 
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Rossman et a l .• (1975, 1977) reported that sodium arsenite caused 
a decrease in the survival of UV irradiated E.eoli cells and they 
put forward evidence suggesting that sodium arsenite inhibits a 
ree A dependent step in DNA repair in E.eoli K-12. 
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The effects of chloramphenicol on the recovery of irradiated cells 
has been found to be varied and complex (Swenson, 1976). Pre-
irradiation treatment with this antibiotic gave protection against 
UV radiation in E. eoli B/ r cells and a number of repair deficient 
mutants (HCR-, uvr-. ree-) (Rude and Doudney, 1973). They sugges-
ted that this effect was produced by causing a delay in the re-
initiation of DNA synthesis after irradiation. When E.eoli B cells 
were treated with chloramphericol for short periods after irradia-
tion an increase in survivaloccurredlGillies & Alper, 1959; Suzuki 
& Iwama, 1960; Drakulic et al .• 1966}. However, when E.eoli B/r 
and K-12 wild type and uvr mutant cells were treated with chloram-
phenicol a decrease in survival occurred but ree- mutants showed 
no effect (Alper & Gillies, 1960; Ganesan & Smith, 1972). They 
proposed that chloromphenicol interferes with ree B function which 
is dependent on protein synthesis. The increased survival of 
E.eoli B is dependent on a functional excision repair system and 
appears to be related to the increased survival which occurs 
under suboptimal conditions in this strain (Alper & Gillies, 1958). 
A number of other compounds which affect the surviva l of UV irradia-
ted cells have been investigated, and in most cases the interpre-
tation has been that interference with repair processes was involved. 
Although the effects that these compounds produce may be no less 
important than the more extensively studied inhibitors, their effects 
and modesof action are still poorly understood (See Swenson 1976 
for revi ew) . 
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8.1.3 LIQUID HOLDING RECOVERY 
When UV irradiated E. eoli B or B/r cells are held in a non-nutrient 
buffer for a number of hours before plating onto nutrient medium, 
they show a much higher level of survival than if plated immediately. 
Roberts & Aldous (1949) were the first to report this phenomenon 
known as liquid holding recovery (LHR), and using E.eoli B they 
obtained large recovery effects using a variety of buffers which 
inhibited growth and cell division during the holding period. This 
recovery effect was found to be almost completely absent in the UV 
sensitive mutant Bs- 1 (Castellani et al., 1964; Harm, 1968a). The 
LHR effect has also been shown to occur in yeast cells (Patrick 
et al. , 1964). 
Repair competent E.eoli K-12 and its uvr, r ee Band ree C deriva-
tives do not exhibit LHR. However, Ganesan & Smith (1969) showed 
that LHR did occur in ree A strains of E.eoli K-12. Using different 
+ multiple repair defficient strains they showed that the uvr genes 
were essential for LHR but LHR was only observed in ree A cells. 
The requirement for the uvr+ genes and the fact that LHR could be 
inhibited by caffeine strongly suggested that LHR is brought about 
by excision repair (Ganesan & Smith, 1968a) and was confirmed by 
Set10w & Carrier (1964) who showed that the excision of dimers 
occurs during LHR. Recent work done by Tang & Patrick (1977b) has 
shown that excision repair alone is sufficient to effect LHR in ree 
A strains, and the later steps in the excision repair processes 
are carried out primarily if not exclusively by DNA polymerase I . 
Jagger et al., (1964) proposed that LHR caused a growth delay in 
cells on the plating media after liquid holding, thereby allowing 
extra time for repair of DNA to occur. However, a series of 
experiments carried out by Harm (1966) showed that mos t , if not all 
of the recovery processes occurred in the liquid holding medium. 
In these experiments he plated out irradiated cel l s onto solid 
culture media with and without caffeine, both before and after 
liquid holding in buffer. The cells plated onto caffeine before 
liquid holding showed a ten-fold increase in sensitivity while 
those plated onto caffeine after liquid holding showed virtually 
the same survival as those plated onto media without caffeine . 
By adding caffeine to the holding buffer he was able to inhibit 
LHR, and when these cells were plated onto caffeine plates they 
showed a further decrease in survival. He also obtained similar 
results with acriflavine. 
Ganesan & Smi th (1968a, 1968b) showed that low concentrati ons 
of yeast extract (0,075%) added to liquid holding buffer almost 
completely inhibited LHR without delay, in rea A strains of E.aoZi 
K-12. A similar observation was made by Alper & Gillies (1960) 
using E. aoZi B, they showed that cells held in buffer showed 
higher survival than those held in broth . Ganesan & Smith (1968a) 
found that extensive degradation of DNA occurred when yeast 
extract was present. They also found that the inhibitory action 
of yeast extract on LHR could be completely prevented if chloram-
phenicol was also added to the holding buffer (Ganesan & Smith, 
1968b). Under these conditions the degradation of DNA was less 
but was still higher than it was in buffer alone. Thus DNA 
degradation and its prevention does not account entirely for the 
action of yeast extract and chloramphenicol on LHR in r ea A cells. 
Recently Tang et aZ. , (1979) have suggested that LHR depends upon 
the balance between repair and DNA turnover . They have shown that 
in non-irradiated E. aoli B/r there is continuous DNA degradation 
and resynthesis without a net change in cellular DNA content in 
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cells held in buffer. This constant DNA turnover probably involves 
most of the genome and reflects random sites of DNA repair due to 
the pol A dependent excision synthesis repair pathway. Under non-
growth conditions it appears that at any given time there is a 
minimum of one repair site per 6,5 x 106 daltons DNA, each repair 
site is at least 160 nucleotides long. They found that the amount 
of DNA degradation is not influenced by prior exposure to UV 
radiation but the synthetic activity is decreased with increasing 
fluences. They suggest that when sites of DNA turnover occur 
opposite cyclobutyl dimers in UV irradiated cells, repair of the 
dimers is prevented. This implies that both beneficial and 
deleterious processes take place in irradiated buffer held cells 
and that cell survival depends on the delicate balance between DNA 
turnover and repair of UV damage. 
LHR has been shown to overlap with photoreactivation (PR) in E. coli 
(Harm; 1968a; Moss & Davies, 1974). Photoreactivation is able to 
reverse the lethal effects of UV radiation by cleaving dimers in 
situ . If PR treatment is given before LHR a proportion of the 
dimers are repaired before LHR occurs and survival remains rela-
tively constant. When PR treatments are given after LHR, there 
is a rapid decrease in the overlapping effect and less and less 
of the dimers are repairable by PR (Harm, 1968a). This appears 
to be due to the production of single-strand breaks adjacent to 
the dimers caused by the excision repair system, making the 
lesions irrepairable by PR treatment. 
8.1.4 FLUENCE RATE DEPENDENT RECOVERY 
In addition to LHR, a second phenomenon involving enhanced survival 
of irradiated cells in a non-nutreint medium is dependent on the 
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f1uence rate . Known as f1uence rate dependent recovery (FRR) it 
was first reported by Harm (1968b ). He showed that for a given 
UV f1uence the survival of E.coli B or B/r was much greater if 
they were irradiated at very low f1uences for a long period of 
time, than if the same amount of UV radiation was given at a 
high f1uence for a short time . Later work by Tang & Patrick 
(1977a) showed that at low f1uence rates cells appear to be able 
to repair the resulting photochemical lesions by the excision 
repair process almost as fast as they occur. 
8.1.5 MINIMAL MEDIUM RECOVERY 
Another way of enhancing the recovery of colony forming ability 
after UV irradiation in some strains of E.coli is by plating the 
cells on minimal medium rather than on a complex medium. This 
effect was first discovered by Roberts & Aldous (1949) using 
E.coli B. It was also found to occur in repair deficient uvr 
and rec mutants of E. coli K-12 by Ganesan & Smith (1968b, 1969, 
1970), who called the phenomenon minimal medium recovery (MMR) . 
Alper & Gillies (1960) found that the survival of irradiated E.coli 
B was maximal where growth was the slowest and the richer the 
medium used for plating the cells, the lower was the survival rate . 
In MMR in E.coli B the same type of repair processes appear to be 
responsible for the recovery that operates in other sub-optimal 
conditions such as LHR . In E. coli B/r and K-12 slower growth does 
not lead to increased survival and no ~l~lR occurs . 
8. 1.6 STARVATION OF ESSENTIAL NUTRIENTS 
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The starvation of auxotrophic strains of E.coli of essential 
nutrients before or after UV irradiation produces different effects 
in different strains . The differences in the levels of survival that 
have been observed appear to be due to many complex factors which 
are not clearly understood (Swenson, 1976) . 
Gillies (1961) showed that an increase in viable cells occurred 
when auxotrophic mutants of E. coli B were deprived of essential 
nutri ents after irradiation . In E.coli K-12 auxotrophic mutants 
treated in the same way a marked drop in vi ability occurs (Kos et 
al. , 1965). In E. coli B/r a mixed set of responses occurred 
depending on which nutrients were involved (Forage & Gillies, 
1969) . The results obtained with E.co l i B were consistent with 
other situations, where conditions which inhibit growth and 
synthesis after UV irradiation brought about an increase in 
vi abil ity. 
Most of the studies which have been carried out on the effects of 
starvation on auxotrophic mutants prior to UV irradiation have 
used E. coli B/r strains. In these strains a marked starvation 
induced resistance ·enhancement (SIRE) occurs (Hanawalt, 1966; 
Billen & Bruns, 1970b; RuM· & Doudney, 1973). Starvation in 
thymine-requiring strains however, led to a marked decrease in 
survival (Cohen, 1971; Anderson & Barbour, 1973) . Sedl iakovt 
et al ., (1973) reported that the excision of dimers was not re" 
sponsible for the increase in survival and excision processes 
may be retarded or inhibited in starved cells. " Masek et al., 
(1971) reported that a decrease in the degradation of DNA 
appeared to be involved and they suggested that pre-starvation 
inhibits the action of exonucleases and prevents large gaps being 
formed in the DNA which would be difficult to repair . Work done 
by Rude & Doudney (1973) suggested that starvation favours the 
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recovery of viable cells because the reinitiation of DNA 
synthesis occurred more readily under these conditions, and 
that dimers were repaired by post-replication repair (Sedliakov~ 
et al. , 1973) . 
8.1.7 THE EFFECT .OF PLASMIDS ON RECOVERY OF CELLS AFTER UV IRRADIATION 
The presence of plasmids in irradiated cells may cause increased 
resistance to UV irradiation, increased sensitivity, or have no 
effect (Howarth, 1965; Si ccardi, 1969; MacPhee, 1972; Lehrbach 
et al ., 1978). In E. eoli, S . typhi murium, and Ps . aeruginosa the 
product of the pee A gene is required in cases of both increased 
and decreased survival, and is independent of uvp and pol A gene 
products. In some pl asmi ds the pee A dependent pathway has been 
found to be sensitive to sodium arsenite and in others to be 
insensitive (Lehrbach et al., 1978). The requirement for the pee A 
gene product in R plasmids affecting UV sensitivity suggests 
that some UV inducible process may be involved (Swenson, 1976). 
8.1.8 THE EFFECTS OF PRE-IRRAUIATI ON TREAH1ENTS ON RECOVERY OF UV 
IRRADIATED CELLS 
The effects of a number of pre-irradiation treatments, incl uding 
the effect of inhibitors and starvation of essential nutrients, 
on the recovery of irradiated cells has al ready been mentioned. 
In those bacteria so far studied, actively growing cells appear 
to be more sensitive to UV irradiation than stationary phase cells 
(Swenson, 1976; Webb, 1977). Morton & Haynes (1969) found that in 
early exponential phase, cells were more resistant than in late 
exponential phase. They showed that sensitivity increased to a 
maximum during the late exponential phase and then became less 
sensitive when the cells entered stationary phase. Ginsberg & 
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Jagger (1965) showed that the amount of damage induced by UV 
radiation was constant and independent of the growth phase, 
the difference in sensitivity during the different growth 
phases appear to be due entirely to differences in the 
efficiency of repair. The fact that changes in sensitivity 
are due mainly to changes in the size of the shoulder, rather 
than changes in the final slope of the curve, support this 
view. Morton & Haynes (1969) suggested that variations in 
survival during the growth cycle are caused by differences in 
the intracellular concentrations or act i vities of repair enzymes . 
Tyrrell et al. (1972) found that the level of activity of l'eo 
system enzymes remained fairly stable during the exponential 
phase but levels of activity of the excision repair enzymes 
decreased towards later exponential and then began to increase 
again in stationary phase. Attempts to study the UV sensitivity 
of individual E.ooli cells during the various stages in the cell 
cycle have given conflicting results . Helmstetter & Uretz (1963) 
reported a sharp drop in sensitivity in the middle and at the 
end of the division cycle and Kubitschek et d . (1973) found 
that no difference in sensitivity occurred during the cell cycle . 
When E. ooli cells are exposed to near UV radiation between 300 -
400 nm prior to far UV radiation, they are protected against the 
lethal effects of the latter (Weatherwax, 1956; Jagger, 1960; 
Jagger et al. , 1964). The photoprotection effect of near UV 
light is brought about by the inhibition of growth and division 
in cells treated with near UV light (Jagger et al. , 1964; Phillips 
et al. , 1967). Work by Ramabhadran et al . (1975) suggested that 
4-thiouridine in transfer RNA was the chromophore and target for 
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growth delay caused by near UV radiation. The growth delay in 
cells after near UV irradiation allows cells a l onger time for 
the repair of far UV damage to occur (Jagger et al ., 1964). The 
recovery mechanism appears to be similar to that operating in 
LHR and the delay allows time for the single strand breaks 
produced during excision repair to be closed before DNA replica-
tion and growth are resumed (Swenson et al ., 1975). There is no 
difference in the amount of damage caused by far UV irradiation in 
unprotected and photoprotected cells, and both contain the same 
number of photoproducts in their DNA after far UV irradiation 
(Swenson et al., 1975). 
8.2 MATERIALS AND METHODS 
8.2.1 MEASUREMENT OF CELL SURVIVAL 
The growth and irradiation procedures have been described in 
7.2.2 and 7.2.3. The survival curves of cell suspensions 
irradiated with increasing fluences of UV radiation were deter-
mined using the methods described in 7.2 .4. Liquid holding 
treatments of 2,5 h at 300C were used to ensure maximum recovery, 
and survival curves were determined, both before and after each 
specific type of liquid holding treatment. Time course viability 
curves were obtained using cell suspensions irradiated with a 
-2 fluence of 30 J m which gave c . 11& survival when cells were 
plated onto BHI agar after aerobic irradiation. 
Irradiated cells (1 ml) were transferred to liquid holding media 
(9 ml) and held for a 12 h period at 30oC. Viability was deter-
mined by removing 0,1 ml samples at fixed time intervals (usually 
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8.2.2 
0,1,2,3,6 & 12 h), diluting in Ringer solution and plating 0,1 ml 
of the appropriate dilutions onto BHI plates. Each sample was 
plated onto a minimum of 4 agar plates, and the number of surviv-
ing colonies were counted after incubation for 48 h at 37 0 C under 
anaerobic conditions . The mean of the results were used to 
calculate the surviving fraction in each sample . In the experi-
ments involving irradiation and holding under anaerobic conditions, 
all procedures were carried out in an anaerobic glove box . 
POST IRRADIATION TREATMENT 
A variety of liquid holding media were used in investigating the 
effects of different post-irradiation treatments on the recovery 
of irradiated B. f ragilis cells. The non-nutrient ~olutions u$ed 
were selected for their ability to hold cells under non-growth 
conditions with the minimum loss in viability. The holding 
properties of a number of 'solutions, under both anaerobic and 
aerobic conditions were determined (See Chapter 2.3. 1) . For 
liquid holding under anaerobic conditions, both the anaerobe 
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solution (AS) and the minimal salts solution ('1S) proved satisfactory 
and for liquid holding under aerobic conditions, Ringer so l ution 
(RS) was used. In order to investigate the effect of nutrientson 
LHR, RS containing yeast extract (0,75%) and peptone (1 , 5%) and BHI 
holding media were used . The m.i . c. of the inhibitors used in the 
investigation of cell recovery, were determined for both liquid 
and solid media as variations were found to occur under the two 
conditions . Inhibitors were either incorporated into the liquid 
holding solutions or into the plating med ia at concentrations slightly 
less than the m.i.c . In addition to cell suspensions prepared in 
the usual way (7 . 2.1), in some experiments cells were washed and 
pre-held in HS for 2 h before irradiation. In all experiments 
8.2.3 
excepting those involving minimal medium recovery, cells were 
plated onto BHI medium or BHI medium containing inhibitors, to 
determine the number of survivors. 
FILAMENT FORMATION 
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In order to investigate filament formation in irradiated B. fragilis 
cells,cell suspensions were prepared as described in (7.2.1), and 
then irradiated under both anaerobic and aerobic conditions with 
UV fluences of 8, 16 & 32 J m- 2. Unirradiated cell suspensions 
were used as controls. Cell suspensions were then either trans-
ferred to BHI broth immediately, or held for 2,5 h at 300 C in 
buffer under anaerobic or aerobic conditions, and then transferred 
to BHI broth. The 00 of the cultures were measured over a 24 h 
period and samples of cells were examined at fixed time intervals, 
for filament formation, using phase contrast optics. The propor-
tion of filaments present in the population was determined using 
a s lide counting chamber with THOMA type ruling (Gallencamp). 
8.3 RESULTS 
8.3 . 1 GROWTH AND FILAMENT FORMATION AFTER UV IRRADIATION 
Observations suggest that B. fragilis (PS 1) cells showed some 
delay in growth after UV irradiation. Colony formation on solid 
medium was delayed after UV irradiation and a variation in the 
size of the colonies occurred after exposure to high fluences of 
UV radiation. In irradiated cells inoculated into liquid medium, 
an apparent delay in the resumption of growth due to the reduc-
tion in the number of viable cel ls in the inoculum occurred, and 
must be distinguished from a delay in growth caused by the 
inhibition of cell division and DNA replication in viable cel l s. 
In cells subjected to an UV fluence of 32 J m-2(c.l ~ survival), a 
growth delay of over 7 h occurred (Fig. 8. 1). In addition, the 
actual growth rate appeared to be slightly slower, and the final 
OD of the culture was lower than in cultures inoculated with un-
irradiated cells at the same concentration (Fig. 8.1). At lower 
fluences (8 J m- 2) the time taken for the population to reach 
stationary phase was much more rapid and was only slightly slower 
than the time taken by unirradiated cells. 
In BHI broth, B. fmgiZis (PS1) cells in exponential phase 
cultures occurred as short uniform rods, which were often in 
pairs and a very small proportion of short chains and long rods 
were present. In B. fragilis cells inoculated into BHI broth 
after UV irradiation a very much higher proportion of the cells 
developed into elongated rods. These cells continued growing 
so that at the end of the exponential growth phase, long filaments 
were produced . These filaments were between 10 and 60 times the 
length of the normal rod-shaped cells. They differed from the 
filaments produced by E.coli , in that there were always a number 
of septa present in each filament. With increasing fluences of 
UV radiation there was an increase in the proportion of filaments 
produced in the population and more filaments appeared to be 
produced after irradiation under aerobic conditions, than after 
irradiation under anaerobic conditions (Table 8.1). When cells 
were held in buffer for 2,5 h there was a decrease in the number 
of filaments formed and fewer filaments appeared to be produced 
when cells were held under anaerobic conditions (Table 8.1). An 
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increase in the number of filaments also occurred in the unirradiated 
i 
TABLE B.l Filament formation in B. fragiZi s cells after UV irradiation and liquid holding 
under different conditions 
Irradiation Fl uence ,Liquid Holding % Filament formation at end 
J m -2 Treatment of exponential phase 
0 - o - 10% 
Unirradiated 0 2,5 h anaerobi c 15 - 30% 
0 2,5 h aerobic 15 - 30% 
8 - 10 - 25 % 
Anaerobic Irradiation 
16 - 10 - 25 % 
8 - 10 - 25 % 
16 - 10 - 25 % 
Aerobic Irradiation 32 - 40 - 55 % 
32 2,5 h anaerobic 25 - 35% 
32 2,5 h aerob ic 30 - 45 % 
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FIG . 8.1: Growt h of B.fragilis in BHI broth in 
unirradiated ce l ls (0) and cells irradiated with 
a fluence of 8 J m- 2 under anaerobic conditions (e) 
and under aerobic condit i ons rA), and cells irradia-
ted with a fluence of 32 J m-2 under aerobic 
conditions ( ~). 
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FIG . 8.2: Survival of B.fragilis cells irradiated 
with 30 J m- 2 (1 % survival) under aerobic conditions 
showing the t ime course viability curve for ce l ls 
held aerobically in RS (0), AS (~) & MS (0) and 
cells held anaerobically in RS (e), AS (.&) & t1S ( . ). 
'" .., 
control cells held in buffer under both anaerobic and aerobic 
conditions prior to being transferred to BHI broth (Table 8 . 1) . 
The significance of filament formation is not clear as the pro-
portion of filaments formed in cell suspensions which were subjec-
ted to similar treatments appeared to be variable. 
8.3.2 THE RECOVERY OF CELLS AFTER LIQUID ·HOLDING UNDER ANAEROBIC AND 
AEROBIC CONDITIONS 
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Initial experiments indicated that some LHR d~ld occur in B. fragilis 
after UV irradiation . This phenomenon was investigated further and 
both surivial curves and time course viabil ity curves were determined 
for irradiated cells held under a variety of conditions. To obtain 
suitable holding media for these experiments, the holding properties 
of a number of solutions were tested (Chapter 2.3.2). The anaerobe 
solution (AS) of Holdemen & Moore (1972) and the minimal salts 
solution (MS) of Varel & Bryant (1974) were used for holding cells 
under anaerobic conditions, but had very poor holding properties 
under aerobic conditions . RS was used for holding under aerobic 
conditions. No solution was found which could hold cells under 
both anaerobic and aerobic conditions . LHR was found to occur 
only under aerobic conditions in B.fragilis (PS1) (Figs. 8.2; 
8.3; 8.4; 8.5 & 8.6). The time course viabil ity curves 
for stationary phase B. fragiUs cells irradiated with a fluence 
of 30 J m- 2 under aerobic conditions and then held in RS, AS 
and MS under both anaerobic and aerobic conditions are shown 
in Fig. 8.2. When i rrad i a ted cell s were held in AS or t1S under 
anaerobic conditions, no increase in viability occurred over a 
12 h period and the number of surviving cells either remained 
constant or showed a small drop in viability. Cells held in RS under 
anaerobic conditions showed a very ra~id drop in viability. 
When irradiated stationary phase cells were held under aerobic 
conditions in RS a 2 to 7 fold increase in viability occurred. 
Viability increased rapidly during the first hour of liquid 
holding and reached a maximum after 2 to 3 h,after which there 
was a gradual fall in vi abil i ty duri ng the res t of the 12 h 
holding period. Cells held in AS or HS under aerobic conditions 
showed a rapid drop in viability, in some experiments there was 
a small increase in viability during the first hour of liquid 
holding followed by a very rapid loss of viability. 
The survival curves of stationary phase cells irradiated under 
both aerobic and anaerobic conditions with increasing fluences of 
UV radiation and then held for 2,5 h at 300 C in AS under anaerobic 
conditions are shown in Fig. 8.3. In both cases the cells held 
under anaerobic conditions showed a very small decrease in 
survival. When stationary phase cells irradiated under the same 
conditions were held under aerobic conditions in RS for 2,5 h at 
300 C an increase in cell survival occurred, and a DRF ranging 
from 0,8 to 0,9 at 1% survival was obtained (Fig. 8.4). This 
increase in survival was due to an increase in the size of the 
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shoulder region of the curve, rather than to a change in the final 
slope of the curve. When stationary phase cells were pre-held in RS 
under aerobic conditions for 2 h prior to UV irradiation, followed by a 
2,5 h post-UV holding under aerobic conditions, the amount of recovery 
was increased, and a DRF of 0,78 or less occurred at 1% survival. In 
exponential phase cells held in RS under aerobic conditions for 2,5 h 
after UV irradiation under aerobic conditions, the level of recovery 
was found to be greater than that occurring in stationary phase cells 
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FIG. 8.4: Survival of B. fragilis cells after LH 
under aerobic conditions. Survival curves of stat-
ionary phase cells irradiated anaerobically, plated 
immediately (iI) held for 2,5 h in aerobic RS (Al. 
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FIG. 8.6: Survival of B. fragilis cells irradiated 
with 30 J m- 2 (1 % survival) under aerobic conditions, 
showing the time course viability curves for exponen-
tial phase (0) and stationary phase (e) cells held 
aerobically in RS, and exponential phase (1\) and 
stationary phase (A) cells held in AS. '" 00 
and a DRF of between 0,69 and 0,75 occurred at 1% survival (Fig. 
8.5) . This increase in survival was reflected by an increase in 
the shoulder of the survival curve. When irradiated exponential 
cells were held in AS for 2,5 h under anaerobic conditions, no 
LHR occurred and there was a slight drop in cell survival (Fig. 
8.5). The increased level of recovery in exponential phase cells 
held in RB under aerobic conditions is also shown in Fig. 8.6. 
In both stationary and exponential phase cells LHR reached its 
maximum between 2 to 3 h after irradiation, and then the viability 
of the cells held in RS showed a gradual decrease. This drop in 
viability appeared to be directly related to the holding properties 
of the buffer. When exponential phase cells and stationary phase 
cells were held in AS after aerobic irradiation no LHR occurred. 
However, the recovery process was found to be extremely sensitive 
to the presence of oxygen and if trace amounts were present in 
the anaerobi c ho 1 di ng medi a a small gradual increase in the number 
of viable cells occurred over the 12 h holding period. 
8.3.3 THE EFFECT OF TEMPERATURE ON LHR UNDER AEROBIC CONDITIONS 
Both the rate of recovery and the amount of recovery occurring in 
irradiated cells held under aerobic conditions was found to be 
dependent on temperature. The viability of stationary phase cells 
-2 irradiated with a fluence of 30 J m under aerobic conditions and 
then held in RS under aerobic conditions at different temperatures 
over a 12 h period is shown in Fig. 8.7. The maximum amount and 
rate of LHR occurred when cells were held at 37°C. The percentage 
cell recovery decreased at temperatures above and below 37°C (Fig. 
8.8). The rate at which LHR occurred increased as the holding 
temperature increased. At 4°C the maximum amount of recovery only 
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occurred after 12 h holding . Cells held at 20 and 25 0C showed 
a maximum recovery after o. 6 h and at higher temperatures 
maximum recovery occurred at 0.2 h. At 40 C the amount of 
recovery was markedly decreased but the holding property of the 
buffer appeared to be improved. 
B.3.4 THE EFFECT OF NUTRIENTS ON THE RECOVERY OF CELLS HELD UNDER 
AEROBIC CONDITIONS. 
In order to test the effects of nutrients on the aerobic LHR 
process, peptone (1,5%) and yeast extract (0,75%) were added to 
RS. In addition the recovery of irradiated cells was also 
determined in BHI holding medium. None of these holding media 
supported the growth of unirradiated cells under aerobic condi-
tions, however, LHR was found to occur in all 3 media under 
aerobic conditions. In irradiated stationary phase cells held 
in nutrient and non-nutrient holding media, very little difference 
in viability occurred, and LHR appeared to be only very slightly 
inhibited in the presence of nutrients (Figs. B.9 & B.10). The 
addition of peptone to RS did however appear to improve its 
holding properties. In irradiated exponential phase cells a 
more marked nutrient effect was observed and in both the BHI 
holding media (Fig. 8.10) and in RS with 0,75% yeast extract 
(Fig . 8. 9) a decrease of between 30 - 40% occurred in the number 
of viable cells, in the presence of nutrients. 
B.3.5 MINIMUM MEDIUM RECOVERY 
In addition to LHR, minimum medium recovery (MMR) was also found 
to occur in B. fragilis . In MMR the colony forming ability of 
irradiated cells is enhanced when they are plated onto minimal 
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medium instead of a complex medium. The survival curves 
obtained for exponential phase cells irradiated under aerobic 
conditions and plated onto both complex medium (BHI agar) and 
minimal medium, are shown in Fig . 8 .11 . Cells plated onto 
minimal medium showed an increase in survival,and a DRF of c.0,75 
occurred at 1% survival . The increase in survival obtained 
after MMR was also reflected as an increase in the shoulder region 
of the survival curve, and was of the same order of recovery as 
that obtained by LHR. In addition to plating cells onto minimal 
medium immediately after irradiation, cells were also plated onto 
minimal medium after being subjected to liquid holding for 2,5 h 
in RS under aerobic condit i ons. Irradiated cells which were 
given liquid holding treatment and then plated onto minimal 
medium showed a further increase in survival resulting in a DRF 
of 0,57 at 1% survival as compared with a DRF of c.0,75 when 
plated onto minimal medium without a liquid holding treatment. 
The effect of the two types of post-irradiation treatment 
were therefore cumulative, and was reflected as a very marked 
extension of the shoulder region of the survival curve. 
THE EFFECT OF CAFFEINE AND ACRIFLAVINE ON THE RECOVERY OF CELLS 
HELD UNDER AEROBIC AND ANAEROBIC CONDITIONS. 
Both caffeine and acriflavine have been shown to inhibit excision 
repair processes, and LHR in E.coli . These two inhibitors were 
also found to inhibit LHR in B. f ragilis. The m. i.c. for caffeine 
and acriflavine were determined both in liquid and in solid media 
and concentrations sli ghtly lower than the m.i . c . were incorporated 
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into the RS and AS holding buffers (Acriflavine 0,25; 0,5; 
2,5 ~ g ml- I , caffeine 2,5; 5 mg ml-l)and plated onto the plating 
media (caffeine 1 mg ml- l ). When acriflavine was incorporated into 
liquid holding buffers at concentrations> 10-fold below the m.i . c. 
(0,25 ~g ml- l ), not only did it inhibit LHR under aerobic condit-
ions but it also brought about a rapid drop in cell viability (Fig. 
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8.12). Acriflavine was not used in later experiments because of the 
rapid drop in viability which occurred in the presence of this 
inhibitor under aerobic conditions. The addition of caffeine 
to liquid holding buffer was found to inhibit LHR under aerobic 
conditions (Figs. 8.12 and 8.13) . In the experiment to deter-
mine the time course viability curves in the presence of 
caffeine a small amount of recovery occurred at low concentra-
tions ( 2,5 mg ml- l ) but at higher concentrations a loss in 
viability occurred (Fig. 8.12) . Similar results were obtained 
in the survival curve experiments, where cells held in the 
presence of caffeine under aerobic conditions showed almost 
complete inhibition of LHR, and cells held under anaerobic 
conditions showed a DEF of c. 1,5" at 1% survival (Fig. 8. 13). 
The differences in the level of survi val obtained under the 
various conditions were due to changes in the shoulder of the 
s urvi va 1 curves. 
In an attempt to determine whether the repair processes respons-
ible for LHR in B. fragiZis occurred entirely in the liquid 
holding buffer, as they do in E.coZi , cells were first held in 
buffer for 2,5 h after irradiation before plating onto BHI agar 
containing caffeine. The results were compared with those 
obtained for cells plated onto BHI after liquid holding and 
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cells plated directly onto caffeine plates after irradiation. 
The survival level of cells plated onto caffeine immediately 
after UV irradiation was found to vary quite considerably. 
A comparison of the 3 survival curves shown in Figs. 8.13, 
8. 14 and 8.15 shows some of the different survival curves 
obtained. In some experiments, survival curves which almost 
completely lacked shoulders were obtained, suggesting that the 
caffeine was responsible for almost completely inhibiting all 
repair. In other experiments, survival curves with quite 
marked shoulders were obtained, suggesting that a substantial 
amount of repair might have occurred. The reasons for this 
variation are not known. In irradiated exponential phase cells 
held in AS .under anaerobic conditions for 2,5 h, before plating 
onto caffeine plates, a decrease in survival occurred, but this 
was not as marked as the decrease in survival obtained when cells 
were plated directly onto caffeine plates after irradiation. In 
irradiated exponential phase cells held in RS under aerobic 
conditions for 2,5 h before plating, a decrease in the amount 
of LHR occurred, suggesting that in B. fragi l is some of the 
repair processes involved in LHR only occur in the cells after 
they have been plated onto nutrient medium. 
THE EFFECTS OF SODIUM ARSENITE ON THE RECOVERY OF CELLS HELD 
UNDER AEROBIC AND ANAEROBIC CONDITIONS. 
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Sodium arsenite is known to decrease the survival of repair competent 
E.coli cells. The m.i.c. of sodium arsenite for B. fragili s cells 
was determined in both liquid and solid media and concentrations 
slightly lower than the m.i.c. were incorporated into plating media 
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FI~. 8.14: Effect of plating aerobically irradia-
ted exponential phase B.fragilis cells onto caffeine 
plates before and after holding anaerobically in AS 
for 2,5 h. Cells plated onto BHI at 0 h (0), BHI + 
caffeine at 0 h (e), BHI at 2,5 h (~), and onto BHI 
+ caffeine at 2,5 h (A). 
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FIG. 8.15: Effect of plating aerobically irradia-
ted exponential phase B.fragilis cells onto caffeine 
plates before and after holding aerobically in RS 
for 2,5 h. Cells were plated onto BHI at 0 h (0), 
BHI + caffeine at 0 h (e), BHI at 2,5 h ( ~ ), and 
onto BHI + caffeine at 2,5 h (A). 
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and anaerobic and aerobic holding buffers (100 ~g ml ). UV 
irradiated exponential phase cells were held both in AS and RS 
in the presence of sodium arsenite for 2,5 h under anaerobic and 
aerobic conditions before plating onto BHI agar plates. No 
decrease in the amount of LHR occurred in the presence of sodium 
arsenite under aerobic conditions (Fig. 8.16). The surviva l of 
cells held in the presence of arsenite under anaerobic conditions 
was the same as cells held without arsenite (Fig. 8.16). No 
decrease in the surviva l of cells plated directly onto agar plates, 
containing sodium arsenite, after irradiation was found (Fig. 7.7). 
THE EFFECT OF CHLORAMPHENICOL AND NALIDIXIC ACID ON LIQUID HOLDING 
RECOVERY. 
The effect of LHR on the antibiotic, chloramphenicol which inhibits 
protein synthesis, and nalidixic acid which inhibits DNA synthesis, 
was investigated. The m.i.c. of the antibiotics were determined 
and varying concentrations were incorporated into aerobic holding 
buffers. Time course viability curves for exponential phase cells 
irradiated with a fluence of 30 J m-2 were determined for cells 
held under aerobic conditions in RS containing increasing concen-
trations of antibiotics. In cells held in the presence of 1 and 
10 ~g ml - l chloramphenicol a decrease in the amount of LHR was 
obtained and a drop in viability during the latter part of the 
liquid holding period occurred (Fig. 8.17). The m.i.c. for 
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nalidixic acid was 600 ~g/ml and it was added to RS at concentrations 
-1 of 150, 300 and 600 ~g ml . Nalidixic acid appeared to bring about 
a retardation of LHR and at concentrations approaching the m.i.c. 
caused a marked decrease in the amount of LHR (Fig. 8.18). 
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FIG. 8.16: Effect of sodium arsenite on aerobically 
irradiated exponential phase B.fragilis cells held 
under aerobic and anaerobic conditions for 2,5 h. 
Cells were plated onto BHI at 0 h (0), held aerobica-
lly in RS for 2,5 h (~), aerobically in RS + sodium 
arsenite for 2,5 h (4), held anaerobically in flS for 
2,5 h (Q), anaerobically in AS + sodium arsenite for 
2,5h(_). 
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FIG. 8.17: Effect of chloramphenicol on aerobic LHR 
in B.fragilis exponential phase cells irradiated aero-
bically with 30 J m-2 and held aerobically for 0 - 12 
h in RS (0), and RS containing 1 (L», and 10 g :m,-l 
cml. (!). 
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FIG. 8.18: Effect of nalidixic acid on aerobic LHR 
ln B.fragi lis exponential phase cells irradiated aero-
bically with 30 J m-2 and held aerobically in RS \0) 
and RS containing 150 (t), 300 (6 ), and 600pg ml- nal 
(! ). 
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8.4 DISCUSSION 
8.4.1 GROWTH AND FILAMENT FORMATION IN B. FRAGILIS AFTER UV IRRADIATION 
Experiments were .not carried out to- investigate specifically whether 
growth delay, or inhibition of DNA synthesis occurred in B.fragiZis 
cells after irradiation. However, observations suggest that growth 
delays similar to those reported to occur in other bacterial species 
might also occur in B. fragiZis after UV irradiation. These observa-
tions included a long lag in growth, delayed colony formation and 
variations in colony size after UV irradiation. Nothing is known 
about the effect of UV radiation on DNA replication, or its effect 
on the bioenergetic and other biosynthetic processes in B. fragiZis 
cells. 
The formation of long filamentous cells was observed in B. fragiZis 
cells subjected to UV irradiation under certain conditions. However, 
the production of filaments in B. f ragiZis appeared to differ in a 
number of fundamental ways from those produced in E. coZi B or mutants 
of K-12 (Zon-) after exposure to UV radiation. In E.coZi the produc-
tion of filaments has been shown to be an inducible process, similar 
in many respects to prophage induction and the induction of SOS 
repair (Witkin, 1976). The specific proteins involved in filament 
formation in E.coZi are not known but Witkin (1967) suggested that 
UV radiation leads to the derepression of a protein wh i ch inhibits 
c~ l division and septum formation. Filaments are produced as long 
as the operon remains derepressed. In E.coZi strains which produce 
filaments, exposure to low fluences of UV radiation will induce 
filament formation in the majority of cells, under certain conditions . 
However, survival after UV irradiation is not irreversably 
determined at the time the inducing treatment is terminated, 
but can be influenced by subsequent manipulation of the media 
composition, temperature of incubation, and cell density, 
leading to large varia t ions in the number of survivors. Fila-
mentous growth in E. coZi is lethal unless cell division is 
resumed before a certain critical length is reached, and it is 
the cause of the increased UV sensitivity of E. coZi Band Zon-
mutants of K-12. In these strains this increase in sensitivity 
is seen in the complete absence of any shoulder and a steep 
drop in the slope of the initial part of the survival curve. 
In B. f ragiZis cells, filament production was only observed in 
a small proportion of the population, and appeared to be f1uence 
depen dent. Thus, the production of filaments in B. fragiZis did 
not appear to be similar to the inducible process which occurs in 
E. coZi Elongated rods could initially be distinguished from 
normal vegetative rods after 2 to 3 h incubation following 
irradiation. These elongated cell s continued to increase in 
length throughout the whole of the growth period, and at the end 
of the exponential growth phase filaments between 10 and 60 times 
the length ofvegetative .rods were observed. The filaments differed 
from those occurring in E.coZi stra i ns in that a certain number of 
septa were always present in the filaments. The number of filaments 
occurring in cell cultures exposed to the same f1uence of UV radia-
tion was found to vary quite considerably. A small percentage of 
filaments were also observed to occur in uni r radiated controls, 
exposed to the same dilution procedures and holding treatments as 
the irradiated cells. The proportion of filaments in the population 
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was found to increase as the UV f1uence increased, more filaments 
appeared to be produced after irradiation under aerobic conditions 
than under anaerobic conditions. In addition, more filaments were 
observed after liquid holding under aerobic conditions than under 
anaerobic conditions. It is not known if there is any direct 
relationship between filament formation and the number of cells 
surviving after UV irradiation. The shape of the survival curve 
obtained for B.fragiZis suggests that the differences in survival 
in irradiated B. fragiZis cells under different conditions are not 
directly related to filament formation as in E.coZi B and the Zan 
mutant of K-12. Further studies are required to elucidate the 
relationship between the production of filaments and the survival 
of cells after UV irradiation and the relationship of filament 
formation to the effects of holding cells in buffer under anaerobic 
and aerobic conditions. 
8.4.2 THE EFFECT OF VARIOUS POST-IRRADIATION TREATMENTS ON THE RECOVERY 
OF B. FRAGILIS CELLS. 
The LHR process which occurs in B. fragiZis appears to be unique 
in that the recovery phenomenon only occurs under aerobic condi-
tions. At first sight this appears to be something of · a paradox 
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as the conditions under which recovery occurs appear to be the 
conditions in which repair processes are operating least efficiently 
(i .e. in B. fragiZis exponential phase cells irradiated under aerobic 
conditions which showed the least resistance to UV radiation). If 
stationary phase cells were pre-held under aerobi c conditions for 2h 
prior to irradiation, the amount of LHR was increased to give a 
recovery level similar to the level obtained for exponential phase cells. 
A similar situation appears to exist in E. ooZi where LHR can only 
be observed in cells which have a decreased repair capacity 
(E.ooZi B or rea A mutants of K-12). LHR also occurs to a 
greater extent in exponential phase cells than in stationary 
phase cells in E. ooZi (Rupert & Harm, 1966 ). 
In E. ooZi LHR has been shown to be brought about by an excision 
repair process dependent on functional uvr and pol A gene products . 
In B. fragilis there is also strong evidence to suggest that LHR 
is brought about primarily by excision repair. The idea that LHR 
is brought about by a repair process is supported by the fact that 
the increase in survival after liquid holding is shown by an 
increase in the size of the shoulder on the survival curve. 
In B. fragiZis , maximum LHR occurred in non-nutrient buffers, 
indicating t hat the recovery process is independent of nutrients 
and protein synthesis,as in E. ooZi . The increase, both in the 
rate and amount of LHR was found to be temperature dependent 
(reaching a maximum at 37oC) . This indicates that LHR is an 
enzyme-mediated process . The ability of caffei ne and acriflavine 
to inhibit LHR indicates that LHR in B.fragiZis is al so brought 
about by exci s i on repai r. S0di um arsenite was found to have no 
effect on LHR in B. fragiZis cel ls . This could indicate that, 
either sodium arsenite has no effect on a reo A type gene product 
in B. fragiZis , or that such a gene product is not involved in the 
recovery process occurring after UV irradiation . Rea A processes 
involving plasmids may be either arsenite sensitive or insensitive 
in some host cells (Lehrbach et al., 1978) . The addition of 
chloramphenicol to irradiated cells in the holding buffer resulted 
in a decrease in ~ell viability. These results suggest that some 
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protein synthesis may be necessary for maximum LHR to occur. 
This is in conflict with the observation that maximum LHR is 
obtained under conditions where nutrients are absent. However, 
there is evidence to suggest that part of the LHR process only 
occurs after the cells have been plated onto nutrient media, and 
it is possible that it is this component of the repair process 
which may be affe cted by chloromaphenicol. The assessrrent of 
the significance of the results obtained with chloramphenicol 
is difficult because of the extreme sensitivity of B. fragili s 
cells to the antibiotic. After liquid holding, the cells were 
3 -4 diluted 10- or 10 so that the direct action of ch loramphenicol 
on the plating media after liquid holding appears unlikely. 
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The addition of nalidixic acid to irradiated cells in the holding 
solution also caused a decrease in the number of .viable ·cel ls during 
LHR, as we 11 as produci ng a 1 ag in the rate of recovery. When 
nalidixic acid was added at concentrations equal to the m.i.c., a 
marked reduction in LHR occurred. At concentrations below this 
(300 and 150 ~g ml- l ), the drop in viability was less marked. 
Nalidixic acid is known to inhibit DNA synthesis in prokaryotic 
cells, by inhibiting the action of DNA gyrase (Mizuuchi et al ., 1978). 
Scott McDaniel & Hill (1979) have reported that several strains of 
recombination deficient mutants in E.coli show increased rates of 
viability loss when incubated with nalidixic acid, and they suggest 
that the nalidixic acid causes damage to DNA either directly or 
indirectly. Some strains recovered from the effects of naladixic 
acid at a rate similar to wild-type, but apparently have an imbalance 
in their metabolism that results in filamentous growth. 
Although there appears to be many similarities between LHR 
occurring in E.coLi and the LHR which occurs in B.fragiLis/ 
there are a number of significant differences. The most 
obvious difference is that LHR in B. fragiLis only occurs under 
aerobic conditions and is completely inhibited under anaerobic 
conditions. A second difference is that LHR in E.coLi is comple-
tely inhibited by the addition of low concentrations of yeast 
extract to the holding buffer. The mode of action of yeast 
extract is not known but it appears to bring about increased DNA 
degradation. The addition of yeast extract, even at concentra-
tions which were 10 fold higher than the concentration which 
inhibited LHR in E.cobi, only causes a slight decrease in the 
LHR of B. jragiLis cells. A third difference is that in E.coLi, 
the whole of the LHR process appears to occur in the liquid 
holding medium and ceases when cells are plated onto the agar 
plates. In B.fragiLis some of the recovery processes appear 
to continue in cells after they have been plated onto nutrient 
medium. This further recovery can be inhibited by the presence 
of caffeine in the plating media. When irradiated cells were 
given a liquid holding treatment prior to plating onto minimal 
medium, they showed a marked increase in recovery compared to 
cells plated onto BHI agar. This indicates that in addition to 
the repair processes 0hich occur during LHR, further repair 
processes are carried out after the cells are plated onto nutrient 
media and these repair processes are enhanced when growth occurs 
under sub-optimal conditions. 
Although LHR was first reported by Roberts & Aldous (1949), the 
reason that LHR only occurs in repair deficient strains of E.coLi 
187 
is not fully understood . Tang & Patrick (1977a) suggested that 
LHR is presumably not observed in WT K-12 s trains because of the 
presence of a complete repair potentia1. Once the ce11s are 
allowed to grow, any enhancement of survival due to LHR is 
masked. In a later paper by Tang et al. (1979), these workers 
suggest that LHR depends upon the balance between repair and 
DNA turnover in cells held under non-growing conditions. They 
suggest that whatever limits LHR in E.eoli K-12 must in some way 
interfere with dimer excision during buffer holding . They have 
proposed that DNA turnover in regions of DNA strands opposite to 
a dimer is no longer possible, and attempts to remove the dimer 
by excision repair results in double -s trand breaks which are 
likely to be lethal. 
After preparing various double mutants in combination with ree A 
mutants, Smith (1978b)found that uvr D blocked LHR and ree F had 
little effect on LHR. The lex A and r ee B mutations in combination 
with ree A greatly enhanced LHR over that observed in ree A alone. 
His interpretation of these findings is that some excision gaps 
which are processed by the growth medium dependent pathway may be 
modified in r ee A strains, such that they become a substrate for 
the pol A dependent pathway of excision repair. In growth media 
these excision gaps would be converted to lethal lesions, but in 
buffer they may be shunted to the pol A dependent pathway, be 
properly repaired and result in enhanced viability. However, he 
points out that other interpretations of these data are possible. 
LHR in E.eoli and B. fragilis appear to be similar in that it only 
occurs when the full repair capabilities are not present, either 
because the strain is a mutant which lacks ree A dependent 
repair or when sub-optimal conditions retard or inhibit the full 
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repair processes from occurring . The suggestion by Tang & 
Patrick (1977a) that LHR is simply masked in the presence of 
the complete repair potential cannot hold for B. fragiZis as 
there is no increase in the survival of cells held under anaerobic 
conditions even though the full repair capabilities are present 
under these conditions. The model proposed by Smith (1978b) 
appears to provide a much better explanation of LHR processes 
in B. f ragiZis . It seems likely that in B. fragiLis cells 
held under aerobic conditions, only poL A dependent excision 
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repair occurs (short patch excision repair) and th at it is 
responsible for the increase in viability of cells held aero-
bically. It is suggested that under these conditions, repair 
processes in B. fragiLis can be compared to those occurring in 
E.ooLi B or reo A mutants of K-12 . However, un der anaerobic 
conditions , increased re pair capability appears t o be present, and 
it is poss ible that a second mode of repair becomes operational. 
This second mode of repair resembles reo A dependent repair which 
occurs in E. ooLi K-12 wild-type cells, and in combination with poL A 
dependent excision repair produces a full repair capability under 
anaerobic conditions. As in E. ooLi K-12, this complete repair 
potential leads to an absence of LHR in B. f ragiLis , presumably' 
due to the production of lethal lesions either in the liquid hold- , 
ing media or, once growth is resumed when cells are returned to 
nutrient conditions. Thus it is suggested that in B. fragiLi s , 
the presence of oxygen inhibits the function of a reo A-like gene 
product which leads to a decrease in the repair capabilities of 
cells under aerobic conditions. The inhibition of a reo A depen-
dent repair pathway under aerobic conditions could account for the 
marked increase in the sensitivity of cell s to UV radiation under 
aerobi c conditions, and explains why LHR only occu rs in the presence 
of oxygen. 
CHAPTER IX 
REACTIVATION OF B . FRAGILIS BACTERIOPHAGES AFTER UV 
IRRADIATION 
9.1 INTRODUCTION 
Bacteriophages have proved to be extremely useful and informative 
biological systems with which to study various aspects of DNA 
repair and recombination which can occur in the host cell. Studies 
of phage reactivation phenomena have relied to a large extent on 
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the use of UV radiation as a means of inducing damage in phage DNA. 
Investigation of the reactivation of UV irradiated phage has led to 
the elucidation of a number of different repair processes which are 
involved in this phenomenon. In addition UV radiation is known to 
cause a number of other physiological effects such as, growth delay-
ing effects, mutagenic effects, and the enhancement of phage recombin-
ation. Exposure to UV light is also responsible for inducing phage 
development in lysogenic bacteria. 
Exposure to UV radiation brings about a fairly rapid inactivation of 
phage particles. The rate at which inactivation occurs is an exponen-
tial function of the dose (Adams, 1959). The absorption spectrum for 
the inactivation of whole phage particles is very similar to that of 
nucleic acids (Fluke & Pollard, 1949; Putnam, Kozloff & Neil, 1949; 
Zelle & Hollaender, 1954). The actual rate of inactivation differs 
quite markedly in different types of phage and the survival of a 
single phage type can vary under .different conditions, and is depen-
dent to a large extent on the properties of the host cell (Luria & 
Dulbecco, 1949; Adams, 1959 ) . Differences in the sensitivity of 
different phages can thus be due to both differences in the intrinsic 
sensitivity of the phage DNA to UV radiation as well as to the degree 
to which the DNA may undergo subsequent repair in the host cell 
(Luria & Delbr~ck, 1942; Cohen & Arbogast, 1950). 
After inactivation with high fluences of UV radiation many phages 
may still retain the ability to kill the host cellJeven though the 
phage is no longer capable of reproducing (Luria & Delbruck, 1942; 
Cohen & Arbogast, 1950). In phages irradiated with fluences low 
enough to prevent lethal damage, a considerable increase in the 
latent period may occur (Luria, 1944) . 
In addition to the variation in the intrinsic sensitivity of phage 
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DNA to UV radiation, a number of different modes of reactivation are 
known to occur in the host ce lls, which are responsible for increasing 
the survival of irradiated phage (Rupert & Harm, 1966; Swenson, 1976; 
Adams, 1959; Devoret et aZ., 1975) . These reactivation processes may 
be divided into the following 4 main types according to the nature of 
the repair processes involved in reactivation of the phage. 
(1) Photoreactivation of the irradiated DNA of the infecting phage 
by the host cell's photoreactivation repair enzyme. 
(2) Reactivation of the phage DNA by the process of excision repair 
either through the action of the host cell repair enzymes as in 
the case of host cell reactivation (HCR) or by the action of 
additional phage coded repair enzymes as in the case of v- gene 
reactivation which occurs in T4 phage. 
(3) Reactivation of the irradiated phage by means of recombination 
processes, which bring about repair and increased survival. This 
involves either repair by recombination between two DNA duplexes 
as in the case of prophage reactivation, and similar repair pro-
cesses such as multiplicity re activation and marker rescue (cross-
reactivation) , or recombination repair involving only one DNA 
homodup le x as in the case of postreplicative recombination repair. 
(4) Reactivation of irradiated phage by repair processes which 
are induced in the host cell by exposure to UV radiation. 
UV reactivation or W (Weigle ' ) reactivation, as it is some-
times called, is under the control of the rec A gene product 
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in E.coZi and shows many similarities to the UV inducible system 
responsible for prophage induction. 
9.1.1 PHOTOREACTIVATION 
Dulbecco (1950) was the first person to discover that UV irradiated 
phage could be reactivated by exposure of infected host cells to 
visible light. Photoreactivation (PR) of irradiated phage DNA is 
brought about by the same process and uses the sawe enzyme system 
that is used to repair damaged host cell DNA. The photoreactivating 
enzyme is able to bring about the in situ repair of DNA by first 
recognizing and then attaching to cyclobutane dimers. The enzyme 
substrate comp lex is then activated by the absorption of light between 
320-420 nm (Adams, 1959; Hanawalt & Setlow, 1975). The PR enzyme 
converts the pyrimidine dimers back to monomeric pyrimidine residues 
and the enzyme is released. Only a proportion of the irradiated 
phage particles are photoreactivab1e, and the number is proportional 
to the UV dose (Adams, 1959). 
9.1.2 PHAGE REACTIVATION DEPENDENT ON EXCISION REPAIR 
A second type of reactivation of irradiated phage may be brought about 
by the excision of cyc10butane dimers in the phage DNA, by excision 
repair processes. In the case of host cell reactivation (HCR) the 
repair of damaged nucleotide sequences in the phage DNA is dependent 
entirely on the host cell repair system. In the case of the so called 
V gene reactivation which occurs in the T4 phage the excision repair 
process requires the action of a phage coded endonuclease and exonuclease. 
9.1 .2.1 
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Host Cell Reactivation 
Host cell reactivation was first discovered by Garen & Zinder (1955). 
In repair competent E.coli cells the phages Tl, T3, T7 and A can be 
repaired by the host cell excision repair system, whereas for reasons 
that are not understood the phages T2, T4, T6 and T5 cannot undergo 
HCR. They are also more sensitive to UV radiation in repair competent 
cells (Swenson, 1976) . HCR of temperate and semi-temperate phages has 
been shown to exist in all the vavious bacterial species where it has 
been sought (Devoret et al ., 1975). 
Only E.coli cells which possess an intact excision repair system can 
carry out HCR and this depends on the functions of at least four genes, 
uvr A, uvr B, uvr C, and uvr D, (Devoret et al. , 1975). Boyle & Setlow 
(1970) were the first to demonstrate that HCR is due to pyrimidine 
dimer excision which is only carried out by cell enzymes. In add-
ition to the uvr gene products, Monk et al ., (1971) demonstrated 
that functional pol Al gene product was necessary for HCR. Inhibi-
tors which are known to inhibit excision repair also inhibit HCR. 
Examples of such inhibitors of HCR are acriflavine (Feiner & Hill, 
1963) and caffeine (Metzger, 1964; Sauerbier, 1964) . 
HCR has an efficiency of about 85% (Harm, 1963) so that it is by far 
the most efficient repair process leading to phage reactivation . The 
repair is accurate and no phage mutation results from the action of 
the repair process (Devoret et al ., 1975). 
Competition experiments have shown that the host cell enzyme prefer-
entially exises dimers from host cell DNA and that the rate of dimer 
excision from bacterial cell DNA is 30 times faster than from phage 
DNA (Boyle & Setlow, 1970). 
Harm (1974) has put forward evidence to suggest that in repair 
competent E.coli Blr there may be two modes of .excision repair. 
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The first mode being very efficient and capable of repairing most 
of the lesions in the DNA. When this mode is inhibited from 
operating a second less efficient mode becomes operational. This 
second mode is not affected by caffeine or acriflavine and is there-
fore not thought to be due to normal HCR (excision repair) . 
In host cells unable to carry out HCR (HCR- cells), Boyle & Setlow 
(1970) observed that 10 - 20% of the phage dimers may be removed 
and they attribute their removal to recombination repair. The way 
in which the excision repair processes and the recombination repair 
processes interact in repairing damaged phage DNA was investigated 
by Radman et al ., (1970) using A phage. From the results of their 
investigations they concluded that at low fluences, most of the 
repair of UV irradiated DNA is carried out by the recombination 
repair system, and at high fluences most of the repair occurs 
through the HCR process. Radman et al., (1970) also showed, by 
using temperature sensitive phage mutants in which DNA synthesis 
could be inhibited at 420C, that excision repair enzymes work best 
in the absence of DNA replication. A model was proposed by Radman 
et al ., (1970) in which they suggest that the extent of repair by 
the two repair systems is controlled by the degree to which DNA 
synthesis is inhibited by UV irradiation. Up to a certain 'critical' 
fluence little inhibition occurs and because semiconservative replica-
tion is taking place, recombination repair is dominant. Above the 
critical fluence DNA synthesis is inhibited, allowing excision repair 
to take place. They also suggested that the timing of the resumption 
of DNA replication is important for the maximum efficiency of repair 
to take place. 
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9.1.2.2 V gene reactivation in bacteriophage T4. 
Luria (1947) made the observation that T4 phage was about twice as 
resistant to UV radiation as the phages T2 and T6. It was originally 
thought that the increased resistance in T4 was due to the absence 
of a locus (the u+ allele). However, late r work by Harm, (1961) 
showed that the U gene actually coded for a function or enzyme which 
was responsible for the increased survival of the T4 phage. This 
discovery lead to the V gene ~Iith the allelic state of V+ for the T4 
phage and V as the mutant or T2 state. 
Setlow & Carrier (1966, 1968) demonstrated that the excision of dimers 
from irradiated T4 DNA was dependent on the V gene product. Later Fried-
berg & King (1969) and Yasuda & Sekiguchi (1970) showed that the V gene 
codes for an endonuclease activity which is expressed in T4 infected cel ls, 
and has been called endonuclease V of T4 or T4 UV endonuclease. Later l'lo rk 
by Sekiguchi et al . (1975) showed that the V gene is a structural rather than 
a regulator gene for the endonuclease. The enzyme is induced early after 
infection (Freidberg & King, 1971) and attacks double stranded UV irradiated 
DNA, making single stranded endonucleolytic excisions by causing phospho-
diester bond breaks on the 5' side of the dimer. The T4 UV endonuclease 
does not excise thymine dimers from UV irradiated DNA (Friedberg & King, 
1971) but Sekiguchi et al. , (1975) and Freidberg et al. , (1974) have shown 
that the phages T2, T3, T4 and T6 also code for exonuclease activity that 
can excise thymine dimers from already nicked DNA . 
Harm (1973) has shown that caffeine and acriflavine which are inhibitors 
of HCR, have little or no effect on V gene reactivation. 
It is not known why T4 phage which can undergo V gene reactivation or 
the T2, T5 and T6 phages of E. coli do not undergo HCR . Although the 
T 'even' phages do have modified nucleotides which could be implicated, 
these modifications do not occur in the T5 phage (Friedberg, 1975). 
9.1 .3 PHAGE REACTIVATION DEPENDENT ON RECOMBINATION REPAIR 
Two types of recombination repair appear to be involved in phage 
reactivation phenomena (Devoret et al ., 1975). 
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The first type of recombination repair involved in phage reactiva-
tion occurs when only one DNA homoduplex is involved in the recomb-
ination repair process and recombination can only take place after 
DNA replication has occurred . This repair process was first dis-
covered by Howard-Fl anders et al. , (1968) and has been termed 
postreplicative recombination repair. It is thought to be important 
in bringing about repair in phages exposed to low fluences of UV 
radiation (Boyle & Setlow, 1970). 
A second type of recombi na ti on repa i r i nvo 1 vi ng two DNA duplexes 
has been shown to occur in prophage reactivation (Jacob & Wollman, 
1953; Yamamoto, 1967) and in similar repair processes such as multi-
plicity reactivation (Luria, 1947) and marker rescue or cross-react-
ivation (Doermann, 1961). Although all three processes show similar-
ities they differ in that in prophage reactivation only the infecting 
phage DNA is irradiated whereas in multiplicity reactivation all the 
phage DNA molecules are irradiated. In marker rescue only the DNA 
containing the rescued marker is irradiated. In principle there is 
no need for any extensive DNA synthesis to occur in this type of 
recombination repair as the two strands of DNA which are involved 
in the recombination process are already present in the cell. There 
is evidence to support the idea that these three types of reactivation 
occur as pre-replicative recombination processes. Baker et aL, (1971) 
and Jacob & Wollman (1955) showed that recombination appears to be 
triggered by the presence of pyrimidine dimers in the phage DNA and 
that UV induced recombination occurs before DNA replication takes 
place. Howard-Flanders & Lin (1973) showed that marker rescue between 
phage and prophage can occur when the replication of phage DNA is 
blocked by immunity. It has also been suggested that the growth 
delay which occurs in irradiated phages is due to the inhibition 
of DNA replication and this delay allows for the pairing and re-
combination of chromosomes to occur before replication takes 
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place (Devoret et al., 1975). However, a number of workers have 
shown that recombination is always associated with DNA synthesis 
(see review by Radding, 1973) and the term pre-replicative recombin-
ation repair should be used with caution. 
9.1.4 PROPHAGE REACTIVATION 
Prophage reactivation is brought about by recombination between the 
homologous DNA of UV damaged infecting phage and an intact resident 
prophage and leads to an increased survival of the infecting phage 
(Chase, 1964; Devoret & Coquerelle, 1966; Yamamoto, 1967; Hart & 
Ellison, 1970; George & Devoret, 1971). It only occurs when the 
prophage in the host cell is noninducible and was first discovered 
in phage A by Ja cob & Wollman (1953) and later in phage P2 by Chase 
(1964) and in phage P22 by Yamamoto (1967). 
Prophage reactivation is essentially a repair process which is able 
to bypass pyrimidine dimers which have not been excised. About 50% 
of the unexcised dimers may be repaired by this process . This value 
remains constant and is independent of whether the host cell is able 
to excise dimers or not (Devoret et al ., 1975). In an excision repair 
competent host (HCR+) 85% of the dimers can be repaired by HCR and 
50% of the remaining dimers can be repaired by prophage reactivation 
(92.5 %). In excision repair deficient hosts (HCR-) 50% of the total 
number of dimers can be repaired by prophage reactivation (Devoret 
et al., 1975). 
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The nature of prophage reactivation has been investigated using 
both recombination deficient host cells (rea A, rea B, rea C) as 
well as recombination deficient A phage mutants (red and int 
mutants). Blanco & Devoret (1973) showed that in r ea A cells, 
reactivation had an efficiency of 13% compared with 53% reactivation 
in rec A+ cells. They concluded that prophage reactivation depends 
to a large extent but not entirely on the presence of the rea A gene 
product. They also showed that the smal l amount of reactivation in 
r ea A- cells was dependent on the red recombination gene of the A 
phage but was not affected by the A irit gene. 
Prophage reactivation has been shown to be independent of reo B, r ea C 
and lex function as well as uvr fun ction (Hart & Ellison, 1970; George 
& Devoret, 1971; Blanco & Devoret, 1973). Prophage reactivation does 
not cause mutations despite the high rate of recombination between 
the irradiated infecting phage and the prophage in the unirradiated 
cell (Blanco & Devoret, 1973) . 
9.1.5 MULTIPLICITY REACTIVATION 
When two or more UV inactivated phage particles infect the same host 
cell, they will often co-operate in such a way as to produce viable 
progeny. This phenomenon is known as multiplicity reactivation (MR) 
and it was first discovered by Luri a (1947) and investigated in more 
detail by Luria & Dulbecco (1949) and Dulbecco (1952). MR appears 
to be quite common in phages and has been shown to occur in the T 
even phages, T5, and A phages (Kellenberger & vleigle, 1958). MR has 
also been shown to occur in Tl phage under conditions where no HCR 
occurred (Tessman & Ozaki, 1959). Harm (1966) showed that MR was 
increased in A phage in host cells which were unable to carry out 
HCR (uvr-) 
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Luria & Du1becco (1949) were the first to suggest that recombination 
might playa role in MR. UV irradiation was found to i ncrease the 
frequency of genetic recombination in phage A (Jacobs & Wollman, 1955) 
and in T4 (Hershey et aZ. , 1958). Epstei n (1958) showed that the 
frequency of recombination was much higher in multiplicity reactivated 
complexes . Huskey (1969) using both r ea- host cells and r ea A phage 
showed that MR occurred when either the host or the bacteriophage were 
+ -
r ea , but when both the host and the phage were rea there was no ~1R. 
His findings indicate that both the bacterial and the phage recombina-
tion systems are involved in the MR of A phage. Symonds (1975) also 
showed that T4 phage mutants which show a reduced potential for re-
combination also show a reduced level of MR. 
9.1.6 MARKER RESCUE (CROSS REACTIVATION) 
If a UV inactivated phage carrying one or several genetic markers, 
co-infects a host cell with an unirradiated, unmarked particle of 
the same species, some of the viable progeny particles may contain 
genetic markers of the UV irradiated phage. This phenomenon has 
been termed marker rescue or cross-reactivation (Luria & Du1becco, 
1949) and it shows clearly that genetic recombination with UV in-
activated particles is possible, even if the UV treatment was ex-
tremely severe (Doermann, 1961). Marker rescue therefore appears 
to have some similarity to multiplicity reactivation. 
9.1.7 X GENE REACTIVATION 
In additi on to an exci s i on repai r system T4 phage also codes for a 
second mode of DNA repair . This system require s the x gene (Harm, 
1963b)and the y gene (Boyle & Symonds, 1969). These genes appear to 
be involved in a pathway of repair which is independent of the ex-
cision repair pathway and which in some respects appears to resemble 
9.1.8 
the postreplication repair process which occurs in bacteria 
(Mortelmans & Friedberg, 1972; Symonds et aL , 1973). However, 
very little is known about this mode of repair. In addition to 
affecting the recombination processes in T4 the x gene has also 
been shown to affect the DNA synthes izing system of T4 (Sekiguchi 
et aZ ., 1975). 
UV REACTIVATION 
The survival of UV irradiated phage A increases when the host 
cell has been exposed to low UV fluences before infection . This 
phenomenon was discovered by Weigle (1953) and is known as UV 
reactivation (UVR) (it is also sometimes called Weigle reactiva -
tion or W reactivation), and is accompanied by an increase in the 
rate of mutat ion in the reactivated phage. Although it has been 
most intensi vely studied in phage A UVR is also known to occur in 
a number of other phages including Tl and T3 but not T2 or T5 . 
The repair efficiency can be as high as 50%, however, UVR acts 
on DNA lesions which remain after pyrimidine dimer excision has 
occurred, so that in a host cell in which excision repair can 
occur, UVR only accounts for the repair of about 8% of t he total 
lesions. UVR of the phage has been shown to depend entirely on 
the host cell processes and phage genes such as red A, red Band 
gam which promote or allow recombination in A are not involved 
(Devoret et aZ. , 1975). Shimada et aZ . (1968)found that UVR 
requires protein synthe sis in the host cell. The only mutations 
in the host cell which have been found to inhibit UVR are ree A 
and Zex mutations, other mutations such as the uvr, poZ A, ree B 
and ree C which are involved in other repai r processes in the host 
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cell, do not affect UVR (Howard-Flanders & Boyce, 1966; 
Ogawa et al.~ 1968; Miura & Tomizawa, 1968; Defais et al.~ 1971; 
Radman & Devoret, 1971). 
Since the discovery of UVR 3 hypotheses have been advanced to 
account for the way in which enhanced phage survival comes about . 
Harm (1963b) suggested that UVR was brought about by the enhance-
ment of the HeR process (in the irradiated cell) caused by 
irradiation of the host cell, which led to more efficient repair 
of the irradiated phage DNA. The involvement of pyrimidine dimer 
excision in UVR was controvertial for a long time but it has been 
shown that UV reactivation is not the result of enhanced dimer 
excision as it occurs in uvp- cells in which there is no pyrimidine 
dimer excision (Defais et al.~ 1971; Radman & Devoret, 1971). 
Genetic recombination as the mechanism for UVR has been postulated 
by a number of authors (Garen & Zq'nder, 1955; Kellenberger & 
Weigle, 1958; Weigle, 1966), and Hart & Ellison (1970) extended 
this hypothesis to suggest that UVR is analogous to prophage re-
activation. Experiments done by Blanco & Devoret (1973) to compare 
the extent of UVR in normal hosts and hosts containing integrated, 
but non-inducible prophages showed that slight increases in UVR 
occurred in prophage containing cells, but that less recombination 
between prophage and infecting phage was found in irradiated cells 
than in unirradiated cells. Thus recombination of the irradiated 
phage does not appear to be involved in UVR . UVR has also been 
found to occur in the single stranded DNA phages S13 (Tessman & 
Ozaki, 1960) and <PR (Ono & Shimazu, 1966) indicating that post-
replication recombination repair cannot be responsible for UVR as 
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t his process can only operate on double stranded DNA. In 
addition to UVR and UV mutagenesis of phage A the ree A an d 
~ex A genes are also known to be essential for a number of other 
UV dependant phenomena, such as the induction of prophage,muta-
genesis in E. eo~i , and a number of other physiological effects 
in irradiated cells. This led Defais et a~. (1971) to suggest 
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that common pathways might be involved in these phenomena. Both 
lysogenic induction and UVR can be obtained indirectly by conjuga-
tion with irradiated F+ or F' prime doners (Borek & Ryan, 1958; 
Devoret & George, 1967; George & Devoret, 1971; George et a~.> 1974). 
The level of mutation in indirect UVR is the same as that produced 
by direct UVR. Both indirect UVR and indirect prophage induction 
have been shown to result from the transfer of UV damaged DNA to 
the host cell (Devoret et a~.> 1975). The UV damaged DNA apparently 
acts to induce error prone repair processes and other inducible 
physiological effects, which require the presence of functional 
ree A, and ~ex gene products in the cell. Prophage induction and 
UVR show many similarities to inducible repair processes in E . oo~i . 
The SOS repair hypothesis, first put forward by Radman (1974) 
suggests that an inducible repair process acts on both UV-damaged 
phage and bacterial DNA in such a way that a common biochemical 
pathway relates, UV mutagenesis, UV lysogenic induction, UV 
reactivation, delayed cell division, aberrant reinitiation of 
DNA replication and respiration shut off. The hypothesis i s 
based on the pleiotrophic effects of reo A and ~ex mutations 
and the mode l is discussed further in Chapter 10. 
9.2 METHODS 
9.2.1 UV IRRADIATION PROCEDURES 
The phage strains and the methods used to propagate and assay 
them have been described in 4.2.L - 4.2. 3 The radiation source 
and the dosimetry used for irradiating B. f ragili s phages and 
their host cells have also been described previously (7.2.3). 
1 08 -1 Phage lysates were diluted in T2 buffer to give p.f.u. ml 
Phage suspensions were irradiated in open glass petri dishes 
and were stirred or shaken during irradiation and the irradiated 
phage suspensions were then stored at 40 C. Sufficient phage was 
prepared so that a large number of aliquots could be obtained from 
each sample allowing for a number of experiments to be performed 
on the same sample. No loss in phage viability occurred in these 
suspensions during the 6 month period during which these experi-
ments were conducted. In experiments performed to investigate 
UVR in B. fragil i s , host cell suspensions were either irradiated 
with a fixed fluen ce of 25 J m- 2 or with increasing fluences of 
UV radiation, according to the method described i n ( 7.2 . 3) . 
9.2.2 METHODS USED TO DETERMINE THE SURVIVING FRACTION OF IRRADIATED 
PHAGE UNDER DIFFERENT CONDITIONS . 
The surviving fraction of irradiated phage was determined using 
the soft agar overlay technique (Adams, 1959) . Irradiated phage 
suspensions on phage host cell complexes were diluted to give 
suitable plaque counts and added to a tube of soft agar (2,5 ml 
of 0, 75% BHI agar). Approximately 5 x 108 of late exponential 
phase cells (OD 0,8) were added as the indicator . The overl ay 
plates were incubated anaerobically for 24 h at 370C to allow for 
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plaque formation. A minimum of 3 plaque counts were done for 
each dilution and the mean of the counts was used to calculate 
the surviving fraction of the p.f.u. The effect of caffeine on 
the survival of irradiated phage was determined by incorporating 
-1 1 mg ml caffeine into BHI agar plates which were used in the 
overlay technique. Host cells irradiated with fixed or increas-
ing fluences of UV radiation were used in place of unirradiated 
indicator cells in the experiments designed to investigate UVR 
in B. fragiZ is phages. 
In the experiments investigating MR, samples of phage irradiated 
with increasing fluences of UV radiation were allowed to absorb 
onto exponential phase B. fragiZis cells at a m.o.i. of much 
less than 1 to give monocomplexes and at a m.o.i. of greater 
than to give multi complexes . The number of p.f.u. in each 
sample of irradiated phage was first determined and known numbers 
of host cells (pre-determined by plate counts) were di l uted to 
give a m.o.i. of c. 0,1 or 0,01 in each monocomplex and c.5 in 
each multicomplex . Monocomplexes of infected bacteria were 
assayed by the soft agar technique. With the multi complexes 
of infected cells, the cells were first washed by centrifugation 
to remove any free phage particles before being assayed . Uninfec-
ted exponential phase cells were used as the indicator cells, and 
the overlay plates were incubated under anaerobic conditions for 
24 h at 37 0 C and the number of infective centres were counted. 
In the experiments done to investigate ~lR under anaerobic condit-
ions, the entire procedure was carried out in an anaerobic glove 
box. 
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9.2.3 METHOD USED TO SCREEN FOR HCR- MUTANTS IN B. FRAGI LIS 
A modification of the method of Howard-Flanders & Theriot (1962) 
was used to screen for radiosensitive HCR- mutants in B. fragiZis. 
Mutations were induced in the bacteria by exposure to ethane 
methanesu1fonate (EMS) using a modification of the technique 
described by Van Tassell & Wilkins (1978). Volumes (1 m1) of 
exponential or stationary phase B. fragiZis cells were inoculated 
into a 10 m1 volume of BHI broth, and incubated at 37 0C and when 
mid-log phase was reached (000,5), EMS was added aseptically to 
the culture to give a final concentration of 2,5% (v/v). The 
culture was then reincubated at 370 C for a further 30 m and then 
either diluted and plated immediately onto BHI plates, or washed 
twice by centrifuging in buffer before resuspending in BHI broth 
at an 00 0,2. The cells were then reincubated at 37 0 C overnight 
(15 h) and plated onto BHI plates at a dilution which would 
produce between 500 to 1000 colonies per plate. The plates were 
then incubated under anaerobic conditions at 37 0 C for 4, 6 or 8 h 
at which time the colonies were still not large enough to be 
visible . FC1 or FC2 phage which had been exposed to a f1uence 
-2 of 180 and 240 J m respectively, were added to 2,5 m1 of soft 
agar at a concentration of 5 x 108 m1- 1. The soft agar was 
mixed and very carefully added to the surface of the inoculated 
plate using a pipette. The plates were then incubated for a 
further 24 to 48 h. Surviving colonies were picked and streaked 
onto BHI agar and single colonies isolated. These isolates were 
then tested for decreased sensitivity to UV radiation and ability 
to show plaque formation with the two phages. 
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9.2.4 METHOD USED TO OBTAIN PHAGE MUTANTS 
The substitution of the base analogue 5-bromouracil during DNA 
synthesis is known to bring about mutations, and has been used 
extensively to obtain phage mutants (Benzer & Free se, 1958) . 
A modification of the method described by Symonds (1968) for 
obtaining phage mutagenesis with 5-bromouracil was used. B. 
fragiZis cells were grown overnight in minimal liquid medium 
and 0,5 ml was inoculated into a sulphan i lomide minimal medium 
containing 50 ~ g ml- l 5-bromouracil. The medium was incubated 
at 370 C for 4 hand 0,1 ml of FC2 phage (108 p.f . u. ml- l ) was 
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added under anaerobic conditions. The culture was then incuba-
ted for a further 4 h prior to the addition of 10% chloroform 
(v/v). The culture was shaken for 10 s and allowed to stand 
at room temperature for 15 m. The lysate was diluted and 
assayed by the soft agar technique . The assay plates were 
incubated overnight at 37 0 C under anaerobic conditions and 
any plaques showing abnormal morphology were picked using sterile 
tooth picks and re-assayed for the mutant plaque morphology. 
9.3 RESUL TS 
9.3 .1 THE INACTIVATION OF B. FRAGILI S PHAGES BY UV RADIATION 
The r ate of UV inactivation of 12 B. f ragiZis phages was determined . 
Six of the phages produced moderate or large clear plaques on B. 
f r agiZi s BSPl (FC 1,2,3,4,5,6) and the other si x produced small 
turbid plaques (FT 1,2,3,4,5,6). The phages whi ch produced turbid 
pl aques proved diff i cult to work with due to difficulty in obtaining 
accurate plaque counts because of their indistinct nature. However, 
in all 6 phages, the survival was found to be an approximate 
exponential function of the UV fluence (Fig. 9.1). These phages 
showed a 1,55 fold variation in their sensitivity to UV radiation 
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at 1% survival, with FTl and 2 being most resistant to UV radiation, 
FT 3,4 and 5 being least resistant, and FT 6 being intermediate 
(Fig. 9.1). In the phages showing clear plaque morphology, 5 of 
the 6 phages did not show simple exponential kinetics of inactiva-
tion, but had convex survival curves with a shoulder of varying 
size (Fig. 9.2) . These phages showed a greater range in their 
sensitivity to UV radiation (a 1,85 fold range at 1% survival) and 
most of them were more sensitive to UV radiation than the phages 
which produced turbid plaques. When compared with the UV radia-
tion sensitivity of E. ooli T phages, all 12 of the B. f ragili s 
phages showed a marked increase in resistance to UV radiation 
(Fig. 9.3). 
The phenomenon involving variations in e.o.p. when phages were plated 
onto host cells of different ages, (See 4.3. 3) proved to be a major 
problem when investigating the inactivation of B. f ragilis phages 
by UV radiation. When aliquots of the same irradiated phage 
samples were plated with indicator cells of different ages, 
survival curves with differing slopes and differing shapes were 
obtained. However, when the surviving fraction for each curve 
was calculated using the same base (e.g. calculated relative to 
the survival levels obtained with late log phase cells), the 
slopes and the shapes were quite similar. Although the level of 
survival of the phage varied over a 10 fold level when plated on 
indicator cells which were 8 hand 24 h old respectively, the 
survival curves obtained were found to be approximately parallel 
(Fig. 9.4). The variation in both the slope and the shape of the 
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FIG. 9.4: Effect of the age of B. fragilis 
cells (increasing e.o.p.) on the survival of UV 
irradiated FC2 phage. FC2 phage was assayed on 
B.fragilis cells incubated for 8 (0), 10 (I), 
15 (t..) , and 24 h (A). 
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survival curves obtained for the same phage meant that it was 
only possible to compare survival cu rves of phages which had 
been plated on indicator cell s of the same age and physiological 
condition. In an attempt to standardise conditions for plating, 
late exponential phase cells (00 0,8) were used to assay irradia-
ted phage samples. Unfortunately, a number of experiments were 
carried out using cells of different ages before the need to 
standardise the assay cells was realized. Even when standardised 
assay ce 11 s were used, small vari ati ons in the s urvi va 1 curves 
obtained in different experiments, using the same phage samples, 
s ti 11 occurred. 
In all later experiments only phages giving clear plaques were 
used. Three phages (FC2, FCl and FC5) showing maximum, intermediate 
and minimum resistance to UV respectively, were selected for 
further investigation. 
9.3.2 HOST CE LL REACTIVATION IN B.FRAGILIS PHAGES 
In order to investigate whether HCR of B.fragilis phages occurred, 
attempts were made to iso l ate B.fragilis HCR- mutants . A modifica-
tion of the method of Howard-Flanders & Theriot (1962) was used, 
using two different phages, FC2 and FC5. Adapting the technique 
210 
which was designed for E.coli for use with the anaerobe B.fragilis 
proved difficult as there were many variables to be considered. 
However, cond it i OilS were obta i ned I-ih i ch gave on ly a fe\,1 i so 1 ated col oni es 
on the assay plate. Although c. 300 colonies for each of 
the two phages used were isolated and tested for increased sensitivity 
to UV radiation, no UV sensitive or HCR- mutants were obtained. 
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FIG. 9.5: A comparison of the survival of phages 
FC2 (0'), FCl (IIi ) and FC5 (0 . ) after plating onto 
BHI plates (open symbols) and BHI plates plus 1 mg 
ml- l caffeine (closed symbols) . 
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As caffeine is known to inhibit HCR (Metzger, 1964 ; Sauerbier, 
1964), it was added to the BHI agar plates used to assay for 
infective centres . In irradiated phages plated onto BHI plates 
with and without caffeine, a small decrease in the surviving 
fraction of the three phages tested (FC1, FC2 and FC3) was 
found to occur in the presence of caffeine (Fig. 9.5). The 
de crease in survival levels obtained, varied, giving a DEF 
between 1,06 (FC2) and 1,21 (FC1) at 1% survival. 
9.3.3 UV REACTIVATION IN B. FRAGILIS PHAGES 
Low fluences of UV radiation given to the host cell prior to 
infection by irradiated phages is known to bring about an increase 
in the survival of certain phages. To investigate whether UVR 
occurred in some B. fragiZis phages, B.fragiZis cells were irradia-
ted with both fixed and increasing fluences of UV irradiation 
under aerobic and anaerobic conditions, and then infected with 
irradiated FCl and FC2 phages . In the first experiment, suspen-
sionsof exponential phase indicator cells were irradiated with 
increasing fluences of UV radiation under both anaerobic and 
aerobic conditions, and were then infected with suitable dilutions 
-2 
of FC2 phage which had been irradiated with a fluence of 300 J m . 
212 
The irradiated phage assayed on cells irradiated under anaerobic 
conditions showed a 2,5 fold increase in the surviving fraction of 
phages in cells irradiated with c. 25 J m- 2 UV irradiation (Fig. 9.6). 
In cells irradiated with higher fluences a decrease in phage sur-
vival occurred . Irradiated phage assayed in cells which had been 
i rradi ated under aerobi c conditi ons sh owed 1 ittl e or no increase 
in the surviving fraction at lower fluences and at higher fluences 
the surviving fraction also decreased (Fig. 9.6) . In a second 
-2 
10 
c 
0 
.~ 
+-> 
u 
"' ... 4-
en 
c 
.~ 
> 
.~ 
> 
... 
::> 
Vl 
10- 3 I ,. , 
o 10 20 30 40 50 
-2 
Fl uence J m 
FIG. 9.6: Survival of UV irradiated 
phage FC2 given a constant fluence of 
UV radiation (300 J m- 2) on UV irradi ated 
B.fragiZis cells given increasing fluences 
of UV radiation. Cells were irradiated and 
assayed under aerobic (0) and anaerobic (.) 
conditions. 
c 
0 
.~ 
+-> 
u 
"' ... 4-
en 
c 
.~ 
> 
.~ 
> 
... 
::> 
Vl 
100 
10-1 
1 0~2 
10-3 " A\, \ 
o 100 200 300 
UV fl uence J m -2 
FIG. 9.7: Survival of phages FCl (6!) and FC2 (0.) irradiated with increasing fluences of UV. 
Phages were assayed on unirradiated cells (60) 
and on cells irradiated with an UV fluence of 
25 J m- 2 (u). 
N 
W 
type of experiment the cells used to assay for the surviving 
fraction of phages were irradiated with a fi xed fluence of 
25 J m-2 and the phages FCl and FC2 were irradiated with in-
creasing fluences. These phages were then assayed us ing both 
irradiated and unirradiated cells and the surviving fraction 
determined (Fig . 9.7). In both phages, a small increase in 
the surviving fraction was found in the irradiated phages 
which had been plated onto the host cells irradiated with 
low fluences of UV radiation (DRF 0,9 at 1% survival). 
9.3.4 MULTIPLICITY REACTIVATION AND MARKER RESCUE IN B. FRAGILIS PHAGES. 
The occurrence of MR in B.fragiZis phages was investigated as MR 
has been used as a test for recombination ability in other phage 
host cell systems (Huskey, 1969). Irradiated FC2 phages were 
absorbed onto B. fragiZis cells to give monocomplexes (m.i.o. c . 
O,Ol ) ,and multicomplexes (m . o.i. c. 5), under both aerobic and 
anaerobic conditions. When the m.o.i. is much < 1, the chance 
of obtaining multiple infected cel l s is very low and when phages 
are irradiated with increasing fluences, the rate of inactivation 
proceeds according to simple exponential kinetics. When bacteria 
are infected with irradiated phages at a m.o.i. > 1, the ratio 
of the survivors of multiple infe ctions to those of single infec-
tions would be expected to be equal to the m.o . i . (Huskey, 1969). 
However, in a number of bacteriophages this is not the case, and 
the ratio of survivors of multiple infections to those of single 
infections increases with increasing fluence, to values much greater 
than the multiplicity used. This phenomenon is termed MR, and the 
most widely accepted explanation of MR is that recombination between 
two damaged phage genomes in multiple infected cells may lead to an 
undamaged genome , and eventually to an infective centre . 
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When FC2 phages were irradiated with increasing fluences of 
UV radiation and assayed under aerobic conditions, followed by 
incubation of the plates under anaerobic conditions, the ratio 
of multicomplex to monocomplex survival remained fairly constant 
(Fig . 9.8). However, when irradiated FC2 phage was assayed 
under completely anaerobic conditions, the ratio of multicomplex 
survival to monocomplex survival increased with increas ing UV 
fluences suggesting that some MR occurred in multiple infected 
cell s under anaerobic conditions. 
Marker rescue (cross reactivation) has also been used to demon-
strate recombination in bacteriophages. As this type of reactiva-
tion depends on the recombination of genetic markers between two 
215 
phage strains, attempts were made to isolate stable phage mutants, 
both after treatment with 5-bromouracil and in UV irradiated phages 
assayed under anaerobic conditions. Three main types of plaque 
variants were isolated, those showing marked differences in size 
(either very small or very large plaques). those showing differences 
in the edge of the plaque (either fuzzy or sharp, clear edged pl aques), 
and thirdly , those phages which possessed either turbid halo's or 
shadowy turbidity within the plaque itself . Although over 200 
pl aq ues silowing apparent differences in mo rphology VJer e 
isolated, none of them were stable mutants. No attempts to obtain 
other types of phage mutants (such as host range sensitivity mutants) 
were made. As no mutants were isolated it was not possible to attempt 
marker rescue with a B.fragilis phage. 
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9.4 DISCUSSION 
Bacteriophages damaged by UV i r radiation may be repaired in the host 
cell by a variety of repair processes . Phage reactivation processes 
which are dependent on all 3 of the major host cell repair systems 
are known, as well as some which require additional enzymes coded 
for by certain phages. Thus, phages have proved to be extremely 
useful tools with which to study recovery and repair systems in the 
host cell. Before attempting to utilize B.fragilis phages as a 
means of investigating recovery and repair processes in B.fragilis 
cells, it was first necessary to determine the sensitivity of the 
individual phages to UV radiation. 
In 7 of the B. f ragi l i s phages the log of the surviving fraction was 
found to decrease linearly with the fluence of radiation. Thus, 
the rate of inactivation proceeded according to simple exponential 
kinetics. In the other 5 phages slight shoulders were present, 
however, in all cases the extrapolation number was <1. The UV 
sensitivity of these phages varied over a 2,25-fold range and all 
were markedly more resistant t o UV radiation than the T phages of 
E.coli . The presence of a small shoulder in some of the phages 
does not appear to have much significance. Although most phages 
show exponential inactivation kinetics, the survival curves of many 
phages do show shoulders. The most common explanation for this is 
that it takes more than one hit to inactivate the phage, resulting 
in multi-hit kinetics. 
Phages are known to vary greatly in their sensitivity to UV radiation, 
and the rate at which they are inactivated depends largely on the 
intrinsic sensitivity of the phage DNA to UV radiation (Stent, 1963). 
In addition, the degree to which the damaged DNA is reactivated in 
the host cell also markedly affects the number of viable phages in 
the surviving fraction (Swenson, 1976). 
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In an attempt to determine whether HeR occurred in B. fragiLis , host 
cells infected with irradiated phages were plated out onto BHI agar 
containing caffeine, as caffeine is known to inhibit HeR in E.coLi 
(Metzger, 1964; Sauerbier, 1964). A small decrease in the number 
of infective centres occurred when infected B. fragiLis cells were 
plated onto media containing caffeine . Although the effect was 
slight, it was consistently obtained under all conditions. The 
reason for the small decrease in survival is not known but it could 
be due to inhibition of a HeR process which is only responsible for 
a very small degree of reactivation. Another possibility is that 
no HeR occurs in the phages tested and that the caffeine interfered 
with some other function in the host cell or phages leading to an 
increase in phage inactivation. In view of the striking effect of 
caffeine observed in the experiments on cell survival and LHR in 
B. fragil is , it would appear that host cell excision repair processes 
had little or no effect in bringing about HeR in the phages tested . 
It is not known if any phage coded repair process is involved in 
the relatively high resistance to UV radiation in B. fragilis phages. 
Further elucidation of the role of excision repair processes in 
phage reactivation in B.fragiLis would be greatly facilitated by the 
isolation of repair deficient host cell mutants and radiation 
sensitive phages . However, as no HeR or exci sion repair mutants 
were isolated , it was not possible to investigate phage survival 
in repair deficient cells. 
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A number of experiments were performed to determine whether UVR 
occurred in B. fragilis . In two of the phages tested, a small 
increase in survival of irradiated phages which were assayed in 
host cells subjected to low fluences of UV radiation, was found to 
occur under anaerobic conditions, but not under aerobic conditions. 
In irradiated FC2 phage a 2,5-fold increase in survival occurred 
-2 at a fluence of 25 Jm and the survival curves of the 2 phages showed 
a DRF of slightly less than 0,9. UVR is dependent on functional 
rec A and lex gene products and has been found to occur in a number 
of E.coli phages . The absence of UVR under anaerobic conditions 
indicates that similar functions in B. f ragilis may be inhibited in 
the presence of oxygen. 
As MR in E. coli is known to require a functional recombination system, 
experiments were carried out in B.fragilis to try and ascertain 
whether MR of irradiated phages could occur in this strain under 
anaerobic or aerobic conditions. Difficulties were experienced in 
carrying out the complex procedures, necessary in MR experiments, 
in a glove box under anaerobic conditions. However, the results 
obtained with both the FCl and FC2 phages indicate that some MR did 
occur in B. fragilis under strictly anaerobic conditions but not 
under aerobic conditions . Huskey (1969) showed that MR in A 1S 
dependent on the recombination function of either the host bacterial 
cell or the phage. Either one is sufficient to bring about MR but 
in the absence of both systems MR is inhibited. His work indicates 
that MR can be used as a method for detecting the presence of 
recombination systems in bacteria or bacteriophages without the 
requirement of having genetic markers. If the t~R phenomenon 
observed in B. fragilis is also due to a recombination process, these 
results suggest that such a recombination function may only occur 
under anaerobic conditions in this organism . The lack of success 
in obtaining any stable phage mutants prevented marker rescue 
experiments being done. These experiments might have provided 
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further information on genetic recombination processes in B.fragilis. 
Although direct comparisons of repair processes occurring in E.eoli 
and B.fragilis may not be valid or relevant, it is interesting that 
both UVR and MR which require a functional ree A system in E.eoli 
only occur under strictly anaerobic conditions in B.fragilis . It 
is also of interest to note that even under strictly anaerobic 
conditions, the level of phage reactivation obtained in B.fragilis 
cells appeared to be less than the reactivation obtained in E.eoZi 
systems. The results obtained from the UVR and MR experiments 
coupled with the evidence obtained from the LHR experiments, 
suggest that processes which require a ree A type of function, can 
probably only occur in B. fragiZis when cells have been maintained 
under strictly anaerobic conditions. The significance of these 
findings are discussed in Chapters 10 and 11 . 
CHAPTER X 
REPAIR OF UV DAMAGE IN B. FRAGILIS AND ITS RELATIONSHIP 
TO MUTAGENESIS. 
10.1 INTRODUCTION 
One of the most important discoveries in the field of photobiology 
has been that cells can recover from radiation induced damage. 
The recovery from such damage can be influenced both by pre- and 
post-irradiation conditions to which cells are subjected, and to 
a large extent the differences in the amount of recovery which 
occurs is dependent on the efficiency of the repair processes. 
The induction of mutations has also been found to be dependent 
on the nature of the repair processes involved. 
Three main modes of DNA repair are known . In the first type of 
repair, the lesion in the DNA molecule is restored to its funct-
ional state in situ. This may be accomplished by an enzymatic 
mechanism as in the case of photoreactivation, where the in situ 
and enzymatic splitting of cyclobutyl pyrimidinedimers is mediated 
by exposure of the enzyme-dimer complex to visible light. Repair 
of some types of DNA damage may also occur by spontanerous 'decay' 
of the damage to an innocuous form, as in the case of the dehydra-
tion of pyrimidine photohydrates or the recombination of radicals 
to yeild a restored molecule (Smith, 1978b). 
In the second type of repair process, the damaged section of the 
DNA strand is excised and replaced with undamaged nucleotides. 
This type of repair is known as excision repair, and it was first 
identified as the repair process responsible for the removal of 
UV induced cytobutyl pyrimidine dimers in the absence of light 
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(dark repair) (Boyce & Howard-Flanders, 1964) . It has since been 
shown that excision repair mechanisms are responsible for the repair 
of a variety of radiation and chemically induced lesions in DNA. 
In the third type of repair process, the damage itself is not 
repaired but instead, it is bypassed during replication, leaving 
gaps in the daughter strand DNA. The missing genet ic information 
is subsequently supplied by recombination with the original parent 
strand. The parent strand is then repaired by repair synthesis. 
This type of repair has been called post-replication repair since 
it can occur only after DNA synthesis has taken place . 
Much of the knowledge and insight into the complexities of DNA 
repair have come from the study of bacterial systems. The isola-
tion and characterization of the diverse systems of repair has 
been made possible by the availability of numerous radiation 
sensitive mutants, and the techniques which permit the construction 
of the multiple repair-deficient mutants (Clark & Ganesan, 1975; 
Bachmann et al. ~ 1976). The use of such mutants has lead to the 
characterization of DNA repair processes at the molecular level. 
Studies using multiple mutants (especially those constructed in 
E.coli) have shown that both excision repair and post-replication 
repair processes are composed of multiple biochemical pathways. 
Some of these pathways appear to be error free, whi le others appear 
to be error prone . UV induced mutagenesis results from mistakes 
made during the repair of damaged DNA by these inducible error 
prone pathways. In general, post-replication repair appears to 
be more error prone then excision repair (Smith, 1978b). 
222 
, 
10.1.2 PHOTOREACTIVATION 
The photoreactivation phenomenon was discovered by Kelner (1949) . 
He found that the survival of UV-irradiated E. coli B could be 
greatly enhanced if the cells were exposed to an intense blue 
light. Rupert et al. (1958) obtained photoreactivation in an 
in vitro system, and demonstrated the existence of the photo-
reactivating enzyme and established its basic properties and 
made of action (Rupert, 1962a , 1964). The extensive literature 
which has subsequently appeared dealing with photoreactivation 
has been reviewed by Rupert (1964 ) ,Setlow, (1966, 196 7b), Cook 
(1970), Harm et al. (1971), Rupert (1975) & Friedberg et al. (1977). 
Photoreactivation is carried out by a single enzyme which in most 
cases has been found to consist of a single polypeptide chain 
with a molecular weight of 35 000 - 40 000 d (Sutherland, 1978). 
The photoreactivating enzyme combines specifically with cyclobuty l 
pyrimidine dimers in UV-irradiated DNA to form a substrate enzyme 
complex. Binding to the substrate resembles other specific proteins 
which bind to nucleic acid, and binding to single stranded DNA can 
occur if it is of sufficient length (Harm, 1966). The complex can 
form in the absence of light but activation of the complex to 
convert the dimers back to monomeric pyrimidines, must be activated 
by 1 ight of wavelength 320 to . 410 nm ). Thi s is illu strated 
schematically in Fig. 10.1. Although enzyme-bound sensitizers with 
an absorbtion around 360 nm have been postulated, none have been 
found. Instead, it appears that the absorption spectrum of the 
complex is generated during binding and is dependent on the 
structure of the nucleic acid enzyme complex (Harm, 1975). Under 
certain experimental conditions as much as 80% of the lethal damage 
223 
induced in bacteria by low fluences of UV radiation can be photo-
reactivated (Setlow, 1966). In addition to many species of 
prokaryotes, photoreactivation has also been found to occur in 
numerous eukaryote groups (Cook, 1970; Rupert, 1975). 
10.1.2 EXCISION REPAIR 
Excision repair was first discovered in E.coli B by Set10w & 
Carrier (1964) and in the K-12 strain by Boyce & Howard-Flanders 
(1964). According to present models the first step in the excision 
repair process is the recognition of the damaged nucleotides and 
the introduction of a break in the DNA chain near the lesion 
(incision step). Resynthesis is then initiated by the action of 
DNA polymerase (repair replication) using the opposite strand of 
the DNA as the template. During this step the lesion is cut out 
completely and replaced with undamaged nuc1eotides and the single-
strand gap is finally closed enzymatically by polynucleotide ligase 
to yield repair DNA. Although this has been shown to be the general 
mode of repair for the major excision repair pathway, it is not the 
only pathway by which excision repair can take place. 
The mutants uvr A, uvr Band uvr C were among the first radiation 
sensitive mutants to be mapped in E.coli. Although the genes 
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are widely dispersed on the chromosome (Howard-Flanders et al., 1966) 
the three mutants all have similar phenotypes in that they fail to 
excise dimers from irradiated DNA. The uvr A and uvr B genes have 
been shown to code for the enzyme responsible for the recognition of 
pyrimidine dimers and for making the incision break (endonuc1eic 
step on the 5' side of the di mer~ Th i s enzyme, known as 
FIG. 10.1: A GENERAL MODEL FOR PHOTOREACTIVATION 
------1/\ Pyrimidine dimer 
Photoreactivating enzyme binds to dimer 
~::::'::'" t:.~~::.:\ ------~~ ~~------
Absorption of light and repair 
fi!i?:;J' . ,: .' : :y:" . \': ------~ ~------
Release of enzyme 
~.:::~ .. , . ,', . :: . . . '
FIG. 10.2 : GENERAU~ODEL FOR THE TWO t·1AJOR PATHWAYS OF EXCISION REPAIR 
Incision by correndonuclease II 
+ (uvr A B) ____ /\ ' Pyrimidine dimers 
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V 
2nd dimer repaired by short patch 
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--------~.-----------
(B) LONG PATCH PATH1·!AY 
(after Smith, 1978; Witkins, 1976). 
correndonuclease II was identified by Braun & Grassman (1974) 
and has been isolated and partially characterized (Braun et aZ ., 
1975). In strains carrying the UVr C mutation, most of the 
incisions produced by correndonuclease II are apparently resealed 
by polynucleotide ligase (Seeberg & Rupp, 1975) thus preventing 
repair synthesis taking place. The uvr C gene product appears 
to interact with the ligase system to prevent abortive sealing 
of the endonuclease breaks (Fig. 10.3). The incision step is 
then followed by repair synthesis . This excision repair process 
can occur via two major pathways, which can be distinguished 
both on the bases of the gene products involved and on the 
physiological requirements (Figs . 10.2 & 10.3). 
The one pathway appears to produce short patches of repair synthesis 
(less than 30 nucleotides) hence it has been termed the short patch 
pathway (Cooper & Hanawalt, 1972). In this pathway, repair can 
occur in buffer, and thus it is independent of nutrients and is 
not inhibited by the presence of chloramphenicol . This pathway 
requires DNA polymerase I (poZ A+) and it has been shown to be 
capable of both the excision and the polymerization steps needed 
for repair synthesis (Kelly et al. , 1969) (Fig.l 0. 3). However, 
in poZ A- strains, DNA polymerase III (poZ C) and under certain 
experimental conditions DNA polymerase II (poZ B) can partially 
substitute for polymerase I, being capable of repairing about 25% 
of the lesions (Youngs et aZ ., 1974). However, as poZ B mutants 
are not radiation sensitive it i s probable that repair synthesis 
can only be carried out by either DNA polymerase I or III in vivo . 
The short patch pathway appears to be both constitutive and error 
free, and is the mode of repair responsible for most excision repair 
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FIG. 10.3: THE GENETIC AND PHYSIOLOGICAL CONTROL OF DIFFERENT PATHWAYS 
OF EXCISION REPAIR 
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(Youngs et al., 1974) including LHR and HCR. The finding of 
Monk et al . (1971) that pol A uvr A strains are only slightly 
more sensitive to UV radiation than uvr A strains provides strong 
evidence that most excision repair is accomplished via the pol A+ 
dependent pathway. 
A second excision repair pathway which produces long patches of 
repair synthesis (e. 1 500 nucleotides) is also known. This path-
way requires a complete growth medium and is irreversi bly inhibited 
by post-irradiation treatment with chloramphencol (Youngs et al ., 
1974). This pathway has been shown to require functional reeA, 
ree B, ree C, lex A, pol C and Zeg genes (Youngs & Smith, 1973 a; 
Youngs et al., 1974; Youngs & Smith, 1977) . In addition ree F, 
pol Band uvr D gene products also appear to be involved in 
alternate branches of this pathway (Smith et al. , 1978). The 
actual steps involved in long-patch repair are not known. In the 
light of the most recent evidence it is possible that the ree A 
gene product is responsible for unwinding the DNA (Cunningham et 
al ., 1979) and the lex A gene product is involved in the regulation 
of the ree A gene (Bailone et al ., 1979). The ree B, ree C gene 
product is known to be exonuclease V and the ree F gene product is 
known to be exonuclease VIII (Eisenstark, 1977). Gap expansion in 
long patch repair appears to be brought about predominantly by the 
ree B, ree C gene product but in the absence of exonuclease V a 
second minor pathway utilizing the ree F gene product appears to 
function (Witkin, 1976) . Both DNA polymerase II and III (pol Band 
pol C) appear to be able to function i n the polymerization step in 
long patch repair and at the moment their separate roles are not 
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understood (Smith et aZ., 1978) . In addition there appears to 
be both uvr D dependent and independent pathways involved in 
this repair process (Smith et aZ. , 1978) and present evidence 
suggests that the uvr D gene product may serve to regulate either 
DNA polymerase II or III (Kushner et aZ ., 1978). 
In addition to the excision of pyrimidine dimers, excision repair 
processes have also been found to be involved in the repair of 
other types of DNA lesions. Single strand breaks produced by 
X-rays and other agents have also been shown to be repaired by the 
same general pathways . just described (both short patch and long 
patch) (Smith, 1978b). Although correndonuclease II (uvr A & B) 
is not involved in these repair processes other endonucleases 
such as endonuclease III may playa role (Smith, 1978b). Double 
stranded breaks in DNA do not appear to be repairable in E. coZi 
and are lethal to the cell (Bonura . & Smith, 1975) . The excision 
repair system which is responsible for the excision of pyrimidine 
dimers is known as nucleotide excision repair, as the whole of 
the damaged region is excised. A second type of exc ision repair 
process has been characterized which has been termed base excision 
repair (Friedberg et aZ. , 1978). Base excision repair is a specific 
DNA repair mode which functions to remove incorrect or altered bases 
from the DNA. The inappropriate or damaged bases are excised as 
free bases by enzymes termed DNA glycosylases which hydrolyse the 
bond linking the base to the sugar phosphate backbone leaving 
apurinic-apy rimi din ic gaps in the DNA (Friedberg et aZ ., 1978). 
E. coZi has been shown to contain several DNA glycosydases, each 
of which is highly specific for a particular type of lesion, and 
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they appear to function to edit mutagenic deaminated residues in 
the DNA (Lindahl et aZ ., 1978). The action of this editing process 
appears to preclude the use of uracil as a normal DNA constituent, as 
well as excising other inappropriate bases from the DNA. The 
sites of base loss are then thought to be attacked by specific 
apurinic-apyrimidinic endonucleases (e . g. endonuclease IV & VI) which 
create free ends for subsequent exonucleolytic excision of the 
sugar-phosphate residue. Excision and resynthesis is thought to 
occur via the same repair process involved in nucleotide excision 
repair (Smith, 1978b). 
10.1.3 POST-REPLICATION REPAIR 
The third major mode of repair of UV damage is post-replication 
repair which was discovered by Rupp & Howard-Flanders (1968) . 
They observed that the DNA synthesised immediately following UV 
irradiation in E. coZi K-12 cells, contained discontinuities 
when assayed in alkaline sucrose gradients. In excision deficient 
cells, the mean length of newly synthesized daughter strand DNA 
was found to approximate the average distance between pyrimidine 
dimers in the parental strand. After a period of growth, these 
discontinuities were found to disappear and the DNA was again 
found to approximate the molecular size of that from unirradiated 
control cells. They suggested that a post-replication repair 
process was involved in which DNA replication could proceed past 
the lesions in the parental strand leaving gaps in the daughter 
strand DNA opposite the dimers in the parental strand . These gaps 
would then be filled by a recombination process using an intact 
strand of DNA obtained from the parental strand. The gaps left in 
the parental strand would then be filled by repair synthesis 
This repair process is shown schematically in Fig. 10.4. The 
size of the daughter strand gaps left in the newly synthesized 
DNA appear to be about 1 000 nucleotides long (Iyer & Rupp, 1971) 
and evidence has been obtained that parental and daughter strand 
DNA become covalently attached during post-replication repair 
(Rupp et al ., 1971). Observations involving excision-repair 
deficient cells, whereby approximately half of the sites in the 
UV-irradiated DNA that are sensitive to the action of the T4 
UV endonuclease (pyrimidine dimers) are transferred from the 
parental strand to daughter strand during post-replication repair, 
strongly suggests that recombination is involved (Ganesan, 1974) . 
It appears that in excision repair-deficient cells it takes several 
rounds of replication and post-replication repair before pyrimidine 
dimers are 'diluted out' sufficiently so that a viable strand of 
DNA is obtained (Bridges & Munson, 1968; Ganesan & Smith, 1971). 
A number of genes have been shown to be involved in the post-
replication repair process. These include ree A, ree B, ree C, 
ree F, lex , uvr D, pol A and pol C (Smith, 1978b). Little is 
known about the actual role of these gene products and the 
mechanisms involved, but there is evidence to suggest that a 
numbe r of different pathways exist in post-replication repair 
processes. The enzymes involved in these repair processes are 
probably common to those used in some steps in recombination, and 
are also similar to those which opperate in growth medium dependent 
excision repair (Swenson, 1976) . It is possible that rea A and lex 
are involved in DNA unwinding processes (Cunningham et al ., 1979) 
while reeB, rea C and reeF gene products are exonucleases 
involved in gap expansion (Eisenstark, 1977) and pol A, pol C and 
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FIG. 10.4: A GENERAL MODEL FOR POST-REPLICATION REPAIR OF 
DNA DAMAGED BY UV RADIATION 
(A) Pyrimidine dimers produced in the ~wo strands of DNA. 
(B) DNA synthesis proceeds past the lesions in the parental 
strands leaving gaps in the daughter strands . 
(C) Filling of the gaps in the daughter strands with material 
from the parental strands by a recombination process. 
(D) Repair of the gaps in the parental strands by repair 
replication. 
(after Smith, 1978) 
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uvr D gene products are involved with the repair synthesis steps 
(Bridges, 1978; Kushner et al., 1978). The filling of the gaps 
in newly synthesized daughter strands of DNA is inhibited in ree 
A mutants (Smith & Meun, 1970; Sedgwick, 1975a), but ree B, uvr 
D and lex A mutants only cause partial inhibition (Smith, 1978b). 
Chloramphenicol which partially inhibits post-replication repair 
is not effective in the three latter mutants (Smith, 1978b). 
Efficient post-replication repair can occur in either pol A or 
pol C strains but is absent in pol A, pol C strains (Sedgwick & 
Bridges, 1974; Tait et al., 1974) . It is not known which of the 
two polymerases are used preferentially on the wild type cell. 
There is evidence that pol C is required for error prone repair 
to occur (Bridges, 1978). Polynucleotide ligase is also required 
for the completion of post-replication repair (Youngs & Smith, 1977). 
10.1.4 RELATIONSHIP OF REPAIR TO SURVIVAL AND MUTAGENESIS 
In cells which have sustained potentially lethal damage to their 
DNA the processes of repair, survival and mutagenesis are inseper-
able. A surviving cell may undergo a mutation, either because an 
unrepaired DNA lesion generates a replication error or because an 
error prone repair system has changed the base sequence in the 
course of restoring a viable DNA structure (Witkin & Kirschmeier, 
1978). However, there is still much controversy as to which path-
ways are involved in error prone repair and which are error free. 
Regretably studies with multiple repair deficient mutants frequently 
do not permit an easy answer to the question (Smith, 1978b). 
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Mutants which lack ree A and lex function do not undergo mutagenesis, 
on the other hand, mutants which lack excision repair (uvr-) are more 
mutable than wild type cells . Taken together, this indicates 
that nutrient independent (short patch) excision repair is 
essentially error free , and that the error prone pathway is 
dependent on rea A and lex function . In view of the error free 
nature of the short patch pathway pol A- cells would be expected 
to show increased mutation rates . However, experiments involving 
pol A mutants have given conflicting results and have been 
diffi cult to i nterpre t (Smith, 1978b). 
A hypothesis first proposed by Radman (1974,1975) suggested that 
E. aoli possesses an inducible DNA repair system (50S repair) which 
is also responsible for induced mutagenesis. Some characteristics 
of 50S repair are, (1) it is induced or activated following damage 
to DNA; (2) it requires de novo protein synthesis; (3) it 
requires several genetic functions of which rea A and lex have 
been the most intensi vely studied; (4) the physiological and 
geneti c requirements for the expression of SOS repair are very 
similar to those necessary for the induction of a number of other 
apparently inducible systems in E.aoli . . This process is shown 
schematically in the model shown in Fig . 10 . 5. These include, UV 
inducibility of prophage, the induction of mutagenic UVR, delayed 
cell division (resulting in filamentous growth in l on- mutants), 
aberant reinitiation of DNA replication at the chromosome origin 
after arrest, respiration shut off and the synthesi s of the rea A 
gene product (Witkin, 1976). All of these phenotypic effects are 
ab sent in rea A- and/ or lex- cells (Table 10.1). 
The rea A gene product (protein X) appears to be able to fun ction in 
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a number of ways . It is able to bind to single stranded DNA to prevent 
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TABLE 10.1: PLEIOTROPHIC EFFECTS OF REC A AND LEX A MUTATIONS IN E. COLI. 
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Recombination ability 
UV sensitivity 
Xray sensitivity 
DNA degradation 
Therma 1 inducibility of SOS in tif -1 
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DNA degradation by the rea BC coded exonuclease V (Eisenstark, 
1977). In addition single-stranded DNA (whether homologous or 
not) has been shown to stimulate purified E.aoli rea A protein 
to unwind duple x DNA (Cunningham et al ., 1979). This helps to 
explain how rea A promotes a search for homology in genetic re-
combination. As oligodeoxynucleotides also stimulate unwinding, 
a common mechanism may relate the function of rea A protein in 
recombination to other (50S) functions induced by oligonucleotides 
(Fig . 10.5). The rea A protein has also been shown to inactivate 
the phage A repressor in vitro (Roberts et al ., 1978) and in vivo 
(Bailone et al., 1979). The occurrence of proteolytic cleavage 
of the A repressor in vitro and in vivo (Roberts & Roberts, 1975; 
Roberts et al., 1977) suggests that proteolytic cleavage may be 
the mechanism whereby the rea A protein inactivates the prophage 
repressor and other repressors,whi ch lead to the various 50S funct-
ions in E.aoli. Meyn et al . (1978 ) have shown that several protease 
inhibitors of different chemical structures inhibit 50S-dependent 
inactivation of A repressor. In addition, high intracellular 
concentrations of A repressor inhibit the expression of error prone 
DNA repair. The rea A protein can apparently only carry out proteo-
lytic cleavage once it has been activated by an effector, possibly 
an oligodeoxynucleotide or dMNP (Emmerson & West, 1978) and both 
the unwinding function and the cleavage function require ATP 
(Cunningham et al ., 1979) . Accordingly oligonucleotides or single 
strands may trigger a conformational change of rea A protein that 
can both unwind DNA and alter the interaction of rea A protein with 
certain other proteins that bind to DNA. It has been suggested that 
an increased level of the effector could arise from exonuclease V 
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activity (Eisenstark, 1977). Emmerson & West (1978) have put 
forward evidence to suggest that an increased effector level 
results from an idling reaction of DNA polymerase III at a stalled 
replication fork, due to an unexcised pyrimidine dimer, or a mal-
functioning replication complex. DNA polymerase III has been 
shown to be essential for mutagenesis after UV (Bridges et al., 
1976; Bridges, 1978). In addition a revertant of pol C that 
is unable to perform mutagenic repair but is able to carry out 
error free repair has been isolated (Bridges, 1978). The substrate 
for repair seems to be certain types of 55 gaps in DNA and there 
appears to be a fraction of the POL III replication complex that 
is especially required for inducible mutagenic repair. Bridges 
(1978) has suggested that an inducible cofactor is required to 
enable Pol III to polymerase in an error prone way. Radman (1977) 
has proposed that daughter strand gaps are kept open by 3'5' exo-
nuclease activity of a polymerase (Pol III?) which repeatedly 
excises any bases inserted opposite a damaged base in the template 
strand. Inducible repair might operate by inhibiting this exo-
nuclease activity thus permitting further chain elongation. 
Mutagenic repair shows a clear delay of 15 - 20 m and is inhibited 
by chloramphenicol indicating that protein synthesis is required 
(Bridges, 1978). Evidence suggests that an inhibitor of 3' -5' 
exonuclease activity allows the polymerase to proceed and it is 
possible that the uvr D gene product might act as the cofactor 
(Kushner et al ., 1978). This has been shown schematically in 
Fig. 10 .5. The presence of inducible editing inhibitors in UV 
irradiated cells would render all DNA synthetic pathways using 
susceptable polymerases error prone so that it is probable that 
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no one pathway can be considered as the error prone or the muta-
geni c pathway. 
The lex gene product has been shown to regulate the r ea A gene 
function and several models have been proposed to explain its 
function (Witkin, 1976; Eisenstark, 1977; Bailone et al. > 1979) . 
Gudas and Pardee (1975) were the first to suggest that the rea A 
product together with the products of DNA degradation are required 
to remove a repressor coded for by the lex gene, from the r ea A 
op~ ron. McEntee (1978) isolated a protein (85 000 molecular 
weight) which is the lex gene product and his studies on the 
regulation of rea A function are consistant with negative control 
of rea A expression by the lex product . 
cally in the model shown in Fig . 10.5. 
This is shown schemati-
It appears that low levels 
of r ea A protein, normally present in the cell, are sufficient to 
allow recombination processes to occur, but only when the l ex 
inhibitor has been removed is there sufficient r ea A protein 
synthesis to enable inducible (50S) processes to occur in the cell . 
Although other models of lex function have been proposed, the 
Gurdas & Pardee model (1975) has the most experimental support . 
10.2 METHODS 
10.2 . 1 PHOTOREACTIVATION 
Growth and irradiation procedures were carried out as described in 
7. 2.2 & 7.2.3 All photoreactivation experiments were performed 
in a darkroom using an orange safe light . Photoreactivation treat-
ments consisted of exposing UV irradiated cell suspensions to visible 
light for 20 m at room temperature . The source of illumination used 
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was a tungsten halogen lamp (Zeiss) fitted with a Corning 0-52 
filter which absorbed all radiation below 350 nm. The lamp was 
calibrated using a YSI - Kettering 65A radiometer and a f1 uence 
of 1 000 J m- 2 s-l was used in all the experiments. Additional 
experiments were also conducted in which cell suspensions in 
holding buffer were exposed to fluorescent light during a 12 h 
period. The number of viable cells after photoreactivation 
treatments was determined using the methods described in 7.2.4 
and 8.2.4. 
10. 2.2 EXCISION OF PYRIMIDINE DIMERS 
The percentage of 3H-thymidine which occurred as dimers was 
assayed in both the acid inso1u.b1e and the acid soluble frac-
tions, in unirradiated cells and cells irradiated under aerobic 
conditions with f1uences of 30, 34 and 38 J m-2. Assays were 
carried out immediately after irradiation, and after 2,5 h liquid 
holding under both anaerobic (AS) and aerobic (RS) conditions . 
The assay of cyc1obuty1 pyrimidine dimers was carried out accor-
ding to the method already described (7.2.5). 
10.2.3 ISOLATION OF UV RADIATION SENSITIVE MUTANTS 
Four methods were used in attempts to isolate radiation sensitive 
mutants in B. fragilis. The first method did not involve any 
selection technique and consisted only of subjecting the cells to 
a chemical mutagenic treatment (as described in 2.2 .. 7) and then 
testing the surviving colonies for increased sensitivity to UV 
radiation. Individual colonies were either transferred directly 
onto a test plate or were first subcultured into broth before 
testing. The test plate consisted of a BHI agar plate onto which 
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a grid was ruled. The individual isolates to be tested were 
streaked across the surface of the plate, using a very fine 
platinum wire, so as to give a uniform streak of cells across 
the test plate. Fifteen isolates and a control could be tested 
by this method on each plate. The plate was then placed in a 
holder which was fitted with a shutter, which allowed fixed 
segments of the streaked colonies to be exposed to increasing 
f1uences of UV radiation. One segment of the plate was protec-
ted from exposure to UV radiation and acted as a control for 
growth . UV survival curves were determined on any isolates 
which appeared to show increased sensitivity to UV radiation. 
A second method used to screen for sensitive mutants, consisted 
of diluting and plating an overnight culture of chemically muta-
genized cells onto BHI plates so as to give c . 500 c.f.u. per 
plate. The plates were incubated until very small colonies were 
just visible (18 h). These colonies were then replica plated 
onto a second plate and irradiated with a f1uence of 35 J m-2 to 
. 10-3 . glve c. surVlvors. Both the master plate and the replica 
plate were reincubated for a further 24 - 48 h and the colony 
formation on the two plates was compared. Any colonies which 
were absent on the replica plate were picked from the master plate 
and tested for UV sensitivity . 
The third method used to try and isolate UV sensitive mutants was 
a modification of the method developed by Howard-Flanders & Theriot 
(1962) which is described in 9.2.3. 
The fourth method employed was a modification of the penici 1in 
selection technique used for obtaining DNA repair mutants in E. co Zi 
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reported by Sancar & Rupert (1978, 1979). B. fragilis cells were 
mutagenized using the method of Van Tassell & Wilkins (1978) 
described in 2.2.7 . After the EMS treatment, cells were washed 
and grown up in BHI overnight (15 h). The overnight culture was 
diluted 1 :10 in the same medium and grown at 37 0C to a density of 
c. 5 x 108 ml- l cells. The cells were washed and diluted 1 :10 
in RB and irradiated with a fluence of 22 J m- 2 (10-1 survivors). 
The irradiated cells were then centrifuged and resuspended in 
complete or minimal penicillin-clavulanic acid selection medium. 
In one experiment cells were held in buffer for 2,5 h before being 
resuspended in the selection medium. The cells were then grown for 
1,5 or 2,5 h at either 370C or 42 0C and then subjected to osmotic 
shock by resuspending in water at 500 C for 15 m. Samples were 
plated to determine the cell survival . Cell suspensions were then 
centrifuged and resuspended in the selection medium and allowed to 
o 8 -1 grow at 37 C to a titre of 5 x 10 ml cells. A second cycle 
of UV irradiation, penicillin treatment and osmotic shock was 
repeated and in some experiments a third cycle was also carried out. 
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Cultures from the final cycle of penicillin treatment were diluted 
and plated onto BHI plates which were incubated anaerobically at 370C 
for 48 h. Individual colonies were picked and tested for UV sensiti-
vity using the shutter technique described above. 
10.2.4 ISOLATION OF UV RADIATION RESI STANT MUTANTS 
Two methods were used to screen for UV resi stant mutants of B. fragiUs 
In the first method B. fragilis cells were subjected to mutagenic 
t reatments as described in 2.2. 7 and then irradiated with high 
fluences of UV radiation (40 - 80 J m-2) either while cells were 
in suspension or after plating onto the surface of BHI agar plates . 
Surviving colonies were then tested for increased resistance to UV 
radiation using the shutter technique. 
The second method was based on the technique used by Witkin (1946) 
to isolate the E.coLi Bl r mutant. Mutagenized B. f ragiLis cells 
were grown overnight and diluted so as to give between 103 and 
3 x 103 c.f.u. per plate. The plates were then irradiated with 
varying fluences to give c. 10-1, 10-2 and 10-3 survivors and 
incubated for 4 - 6 h at 37°C. The plates were then reirradiated 
with high fluences (40, 60 or 80 J m-2) and the plates were incuba-
ted for 48 h at 37°C. Any surviving colonies were tested for 
increased radiation resistance using the shutter technique. 
10.2.5 COMPAR ISON OF THE NUMBER OF RIFAMPICIN RESISTANT MUTANTS IN 
STATIONARY PHASE CULTURES BEFORE AND AFTER MUTAGENIC TREATMENT. 
The number of rifampicin resistant mutants present in a population 
of stationary phase B. f ragi Li s cells was measured before and after 
mutagenic treatment under aerobic and anaerobic conditions . Stat-
9 -1 ionary phase cell suspensions (c . 10 c.f.u. ml ) were irradiated 
with low fluences of UV radiation so as to give c. 10-1 survival 
8 -1 (c . 10 c.f.u. ml ). Unirradiated cells from the same population 
were diluted 1:10 to give (c. 108 c.f.u. ml- l ) and the irradiated 
and diluted cell suspensions were plated onto BHI agar plates con-
taining 20\lg ml- l rifampicin. In addition the number of viable cells 
in the different samp les were determined by plate counts. The 
number of rifampicin resistant colonies present on 50 plates indica-
ted the number of mutants present in 5 ml of cell suspension contai-
8 
ning c. 5 x 10 c.f.u. 
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10 .3 
10 .3. 1 
RESULTS 
PHOTOREACTIVATION 
B. fragili s cell suspensions were irradiated in the dark with 
increasing fluences of UV radiation and then held in buf fer for 
20 m with and without photoreactivation treatment, and t he sur-
viving fraction of cells determined. Similar experiments were 
conducted where the cell suspensions were given an extra 20 m 
liquid holding period after irradiation and before the photore-
activation treatment was given . In all experiments there was 
no difference in the number of surviving cells (Fig. 10.6). The 
effect of visible light on LHR was also investigated. Time 
course viability curves were determined for cells irradiated with 
a fluence of 30 J m- 2 in the dark and then subjected to different 
photoreactivation treatments during the 12 h liquid holding period. 
Similar increases in viability of irradiated cells held in RB under 
aerobic conditions occurred irrespective of whether the cell s were 
held in the dark, held in the light (fluorescent light), or s ub jec-
ted to a 20 m photoreactivation treatment immediately after UV 
irradiation and then held in the dark for the remainder of the 
holding period (Fig. 10 .7). No increase in the viability of 
irradiated B. f ragilis cells held under anaerobic conditions 
occurred, irrespective of whether cells were held in the dark or 
light . No difference in viability was obtained when plates were 
incubated in the light (fluorescent light) or in the dark after 
any of the treatments . 
10.3. 2 EXCISION OF PYRIMIDINE DIMERS 
The number of 3H-thymine dimers in the DNA of irradiated B.fragilis 
cells was assayed immediately after irradiation and after 2,5 h 
liquid holding under both anaerobic and aerobic cond i tions. In 
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addition the DNA of unirradiated cells was assayed as a control . 
Both the acid insoluble fractions (DNA fractions) and the acid 
soluble fraction (nucleotide fraction) were assayed for the 
presence of 3H-thymine dimers . This experiment was repeated 
on 4 occasions in an attempt to obtain as high a level of 3H_ 
thymine in the assay samples as possible. However, when cell 
7 -1 
suspensions containing more than 5 x 10 c. f . u. ml were used, 
interference and smearing occurred in the chromatograms causing 
a loss in definition. The best results were obtained with less 
dense cell suspensions even though relatively low 3H-thymine 
counts were obtained (20000 to 35 000 c. p.m. ). The results 
obtained for one assay are shown (Fig. 10 .8). The acid insoluble 
or soluble fractions of the unirradiated DNA did not contain 
measurable quantities of dimers . In cells irradiated under 
aerobic conditions and assayed immediately c. 0,55% of the 3H_ 
thymine was found to occur as dimers in the acid insoluble frac-
tion while only 0,1 % was found in the acid insoluble fraction . 
In irradiated cells assayed after a 2,5 h liquid holding period 
under aerobic conditions, the percentage of 3H-thymine occurring 
as dimers in the acid insoluble fraction showed a marked decrease 
(0,15%),and a corresponding increase in the percentage 3H-thymine 
occurring as dimers was found in the acid soluble fraction (0,4%) . 
This indicated that a movement of thymine dimers from the DNA into 
the cytoplasm or periplasmic space had probably occurred. In cells 
held under anaerobic conditions for 2,5 h a similar trend was obser-
ved but a higher percentage of 3H-thymine dimers remained in the 
acid insoluble fraction (0,2%) and a lower proportion occurred in 
the acid soluble fraction (0,25%). The results obtained in the 
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other assay showed a similar pattern. These results suggest that 
although some dimers are removed under anaerobic conditions the 
disappearance of dimers from the DNA was not as marked as the 
removal of dimers under aerobic conditions . 
10.3 .3 THE ISOLATION OF UV RADIATION SENSITIVE AND RESISTANT MUTANTS OF 
B. FRAGILIS 
Attempts to isolate mutants of B. f ragiZis which showed either 
increased or decreased sensitivity to UV radiation did not meet 
with much success . Using the technique of Sancar & Rupert (1979) 
over 1 000 individual colonies were isolated and tested for 
increased sensitivity to UV radiation. Of these, only 2 isolates 
appeared to show any marked increase in sensitivity and on further 
testing neither proved to be deficient in excision repair . The 
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first mutant showed only a small increase in sensitivity (DEF 1,1 4 
at 1;& survival ) and was able to carry out LHR (Fig. 10.9) . The 
second mutant was interesting as it appeared to show quite a marked 
increase in sensitivity on the plate assay, but when the survival 
curve for this mutant was determined it showed an increase in 
survival and LHR (Fig . 10.9) . This mutant showed a very marked 
retardation in its rate of growth which appeared to account for 
the difference in sensitivity observed under the two different 
conditions . The apparent sensitivity on the plate assay was due 
to the very slow rate of colony growth giving a false impression 
of UV sensitivity . However , when the survival curve was determined 
the slow growth rate allowed more efficient repair to occur (in much the 
same way as MMR), leading to increased survival (Fig. 10 .9). As 
neither of the mutants appeared to be repair deficient, they were 
not investigated further. No true UV sensitive or resistant mutants 
TABLE 10.2: 
THE NUMBER OF RIFAMPICIN RESISTANT MUTANTS IN 
lOB c.f.u. m1- 1 STATIONARY PHASE CELL POPULA-
TIONS BEFORE AND AFTER MUTAGENIC TREATMENT . 
MUTAGENIC TREATMENT EXPT I EXPT II EXPT III 
Untreated ce lls 0,6 0,2 1 
Irradiated under 
aerobic conditions 
(10-1 s urvi va 1 ) 0,2 0,6 -
Irradiated under 
anaerobic conditions 
(10- 1 survival ) 20 16 -
EMS treatment 
(Procedure partially 
aerobi c) - - 0,2 
KEY: - not done 
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10.3.4 
were obtained from the many hundreds of colonies which were 
isolated using the various techniques. 
RIFAMPICIN RESISTANT MUTANTS IN STATIONARY PHASE CULTURES BEFORE 
AND AFTER MUTAGENIC TREATMENT 
The number of rifampicin resistant mutants in stationary phase 
populations were determined before and after UV irradiation under 
anaerobic and aerobic conditions. In 2 aerobic UV induction 
experiments the number of rifampicin resistant mutants before 
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and after UV irradiation did not appear to differ significantly 
(Table 10.2). However, cells irradiated under anaerobic conditions 
did appear to show a significant increase in the number of rifampicin 
mutants (Table 4.2). In a further aerobic induction experiment with 
EMS there was no significant increase in the number of rifampicin 
mutants. 
10.4 DISCUSSION 
The results obtained from the photoreactivation experiments indicate 
that photoreactivation repair is absent in B. fragilis and the 
presence or absence of light has no effect on survival after UV 
irradiation. Although photoreactivation has been shown to be a 
very widely occurring phenomenon (Rupert, 1975), the absence of 
this mode of repair in B. fragilis is in keeping with the ecological 
niche occupied by an obligate anaerobe . In addition to B. fragilis, 
photoreactivation has also been shown to be absent in a number of 
other bacteria including Haemophilus inJluenzae, Diplococous pneumoniae, 
Bacillus subtilis, Micrococcus luteus and Miorococcus radiodurans 
(Rupert, 1975). It is also interesting to note that photoreactivation 
is absent in E.coli when the cells are grown under anaerobic 
conditions (Tyrrell, 1973). Photoreactivation enzymes have been 
found to occur in a wide range of species, which in the bacteria 
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include members of the mycoplasmas and actinomycetes . In eukaryoti c 
organisms, photoreactivation enzymes have been found in members of 
all major groups of micro~organisms, plants and animals, including 
man (Rupert, 1975 ) . Although its most obvious biological function 
would appear to be the repair of damage caused by solar irradiation . 
Theprese-nce of the enzyme in animal and plant tissue with no 
likelyhood of exposure to either UV radiation or visible light 
casts some doubt on this hypothesis . 
Although B. fragilis lacks photoreactivation.it does possess an 
efficient dark repair mechanism. The results obtained from the 
cyclobutyl pyrimidine dimer assays, indicate that dimers are pro-
duced in more or less the same numbers after irradiation with the 
same fluence of UV radiation under both anaerobic and aerobic cond-
itions. The percentage of dimers in the acid insoluble fraction 
was found to decrease after LHR had occurred under aerobic conditions 
and a corresponding increase in dimers was found in the acid soluble 
fraction, suggesting that dimers were excised from the DNA during 
LHR and accumulated either in the cytoplasm or the periplasmic space. 
Similar events are known to occur in E. coli as a result of excision 
repair processes (Setlow & Carrier, 1964). When irradiated B. fragilis 
cells were held in non-nutrient buffer under anaerobic conditions 
some of the dimers also appeared to be excised from the DNA but not 
as efficiently as they were under aerobic conditions. 
The results obtained from the thymine dimer assay experiments indicate 
that B. f ragilis possesses a repair mechanism capable of exci s ing 
dimers from the DNA of irradiated cells, and that this repair 
mechanism is able to operate under both anaerobic and aerobic 
conditions to effect repair. The results also show that the 
recovery of cells held in buffer under aerobic conditions is 
brought about, at least in part, by the excision of thymine 
dimers from the DNA. The evidence obtained from the thymine 
dimer assays, coupled with the evidence obtained from the 
recovery experiments (reported in Chapter VIII) indicates that 
B. fragiZis posesses an excision repair system which closely 
simulates that found in E.ooZi and other organisms. The 
repair process involved in LHR and other recovery phenomenon 
in B. fragiZ i s appears similar to the nutrient-independent short 
patch excision repair pathway in E. ooZi , in that it is nutrient 
independent, temperature dependent, and is blocked by the action 
of caffeine and acriflavine. The results obtained for the experi-
ments using inhibitors of excision repair suggests that this 
repair mechanism is involved in the increased survival which 
occurs in cells irradiated under anaerobic conditions This 
repair pathway also appears to function more efficiently in the 
absence of rapid growth and DNA synthesis, as does the nutrient 
independent excision repair system in E.ooZi (Swenson, 1976). 
The pathway also appears to be at least partially responsible for 
the increased survival encountered in stationary phase B.fragiZis 
cells and for the increased survival after MMR. The difference in 
the survival of B. fragiZis cells irradiated under anaerobic and 
aerobic conditions indicate that repair processes operate more 
effecti vely under anaerobi c conditi ons. Thi s cou1 d be interpreted 
as either indicating that the 'normal' excision repair pathway 
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(the nutrient independent pathway) operates more efficiently 
under anaerobic conditions, or that another pathway (or path-
ways) becomes active under anaerobic conditions and acts to 
enhance the repair capabilities of the cell . The results 
obtained from the LHR experiments show that the first suggestion 
is unlikely, as liquid holding of irradiated cells in a non-
nutrient buffer under anaerobic conditions, should have resulted 
in a greater level of recovery than occurs when cells are held 
under aerobic conditions . As the opposite was found to be the 
case, the second suggestion appears to provide a better explanation. 
It is possible to interpret the results obtained from the UV 
survival experiments and the LHR experiments as indicating that 
a second pathway or mode of repair exists in B.fragilis which is 
only able to function under strictly anaerobic conditions . Under 
cond i tions of growth (nutrient conditions) this additional mode 
(or modes) of repair leads to enhanced survival under anaerobic 
conditions . However, when B. fragilis cells are held in a non-
nutrient buffer under anaerobic conditions the two modes of repair 
interact in a way that both beneficial and deleterious processes 
take place which result in no net increase in cell viability . The 
lack of LHR in B.fr agilis under anaerobic conditions shows some 
similarities to the process which occurs in irradiated repair 
competent E.coli K-12 cells when held in non-nutrient buffer (Tang 
et al ., 1979) . 
In order to characterize repai r processes in B. f ragilis further, 
it is essential to obtain radiation sensitive mutants which are 
repair deficient . In particular, mutants which are unable to 
carry out nutrient independent excision repair would be of great 
value. The isolation of such mutants would almost certainly provide 
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a greater understanding of the role of this repair process in cell 
survival following UV irradiation and would help to characterize 
the LHR and MMR phenomena further. In addition, mutants would 
be useful in clarifying the role of excision repair processes in 
survival and HeR of irradiated phages. The isolation of mutants 
which were deficient in excision repair would also allow an inves-
tigation of post-replication repair processes in B. fragiLis , as 
any investigation in repair competent cells would be extremely 
difficult. However, all attempts to isolate such mutants have 
been unsuccessful. 
In E.aoLi both the nutrient dependent excision repair pathway 
(the long patch pathway) and the post-replication repair pathway 
depend on a functional rea A gene product. Both pathways differ 
from the nutrient independent excision repair pathway (short patch 
pathway) in that they appear, at least to some extent, to be both 
error prone and inducible. As such they appear to be responsible 
for the mutagenic effects of UV radiation and a number of other 
physical and chemical mutagenic agents which inflict damage on the 
cell s' DNA. 
In B.fragilis there is some evidence which suggests that some 
repair processes might exist which also involve a rea A type of cell 
product. In E. aoLi both UVR and MR of certain phages is dependent 
on rea A function. In B.fragiLis both processes occur but at some-
what lower levels of efficiency than in E.aoLi. However, the most 
interesting feature of these two reactivation processes is that they 
only occur under totally anaerobic conditions. This suggests that a 
rea A type of function in B.fragiZis may only occur in the complete 
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absence of oxygen. These findings also lend support to the 
suggestion that a second mode of repair may operate in B. fragiZis 
only under anaerobic conditions . The fact that in E.aoZi K-12, 
LHR only occurs in r ea A- cells suggests that a similar situation 
might exist in B.fragiZis where under anaerobic conditions B.fragiZis 
cells behave like repair competent rea A+ E. aoZi K-12 cells and 
under aerobic conditions they function like rea A- cells . 
The results obtained from the comparisons of the number of rifampicin 
mutants present in stationary phase populations before and after UV 
irradiation under aerobic and anaerobic conditions are probably of 
limited value. However, they do suggest that the induction of 
mutation by UV radiation might also only occur under strictly 
anaerobic conditions where a rea A type of function is operational. 
It would be of interest to investigate this aspect further by 
determining the actual rate of mutation under the two conditions. 
In E. aoZi only cells which are rea A+ show UV mutagenesis. The 
rea A gene product is necessary both for the mutagenic and the 
other UV inducible functions such as prophage induction and UVR in 
E.aoZi. It can be suggested therefore, that under strictly anaerobic 
conditions, irradiated B. fragiZis cells are able to function as a 
+ rea A type of cell which can carry out inducible functions such as 
'SOS' repair leading to mutagenesis, UVR and MR. However, under 
conditions where the cells have been exposed to oxygen, this rea A 
type of function is inhibited and the cell is unable to carry out 
any of the inducible functions or. repair processes which require 
the functional rea A gene product. 
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CHAPTER XI 
SUMMARY AND CONCLUSION OF PART II 
The investigation reported in the recond part of this thesis was 
conducted on a single strain of B. fragiZis. Although there is no 
reason to suspect that the physiological responses to UV radiation 
of this particular organism are not typical of the group as a whole, 
caution should be exercised in accepting these findings as being 
applicable to all strains of B. f r agiZis . Initial studies of the 
physiological responses of B. fragiZis to UV radiation have shown that 
both the recovery and repair processes occurring in B.fragiZis after 
UV radiation differ in a number of ways from those known to occur in 
E.coZi and other aerobic species of bacteria. 
The observation that B.fragiZis was more sensitive to UV radiation when 
irradiated under aerobic conditions appears to be unique. In all 
other orgnisms investigated so far survival following UV irradiation 
has been shown to be independent of oxygen . The assay of pyrimidine 
dimers formed in B. f ragiZis during irradiation under anaerobic and 
aerobic conditions showed no significant differences in the amount of 
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dimer formation . These results indicated that the decrease in survival 
of cells irradiated under aerobic conditions was not due to an increase 
in the amount of damage sustained by the DNA . The decreased survival 
of cells irradiated under aerobic conditions was reflected by a decrease 
in the size of the shoulder of the survival curve . This shoulder was 
found to disappear almost completely when irradiated cells were plated 
in the presence of caffeine, indicating that the difference in survival 
was due to differences in the repair capabilities of the cells . 
A decreased repair potential also appeared to be responsible for the 
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decrease in survival observed in exponential phase cells. 
Filament formation was found to occur in B. fragiZis cells after UV 
irradiation, but this phenomenon appeared to differ from the inducible 
filament formation which occurs in E.coZi Band K-12 Zon cells. In 
B.fragiZis the formation of filaments was found to be fluence dependent 
and some septum formation occurred within the long filaments . Filament 
formation was also affected by holding, and growth conditions following 
irradiation. Although there did not appear to be any direct relationship 
between filament formation and the other recovery phenomena observed, 
further study is required. 
The observation that LHR in B.fragi'Zis only occurred in cells which have 
been held under aerobic conditions, also seems to be unique. At first 
sight, this appears to be a paradox as recovery only occurred under 
conditions of reduced repair potential . However, in E.coZi LHR also 
only occurs in strains which have a reduced repair capability. Where 
the full repair capability is present LHR in inhibited . The results 
obtained in this study indicate that LHR in B. f ragiZis was largely or 
solely due to excision repair. Maximum LHR occurred in non-nutrient 
holding media and the recovery effect was greatest in exponential 
phase cells. The recovery process was found to be temperature 
dependent, but independent of nutrients and protein synthesis. Caffeine 
and acriflavine inhibited LHR and both chloramphenicol and nalidixic 
acid produced a decrease in the amount of LHR . Although LHR in 
B. f r agiZis shows many similarities to the process which occurs in certain 
strains of E. coZi, it does differ in a number of ways. In B.fragiZis 
the LHR only occurred under aerobic conditions, it was not inhibited by 
yeast extract and some recovery apparently continued to occur after the 
cells had been plated out onto nutrient media following liquid holding 
treatment. Minimal medium recovery was also found to occur in 
B. f ragi lis and the effects of LHR followed by r-1MR were found to be 
cumulative indicating that excision repair functions most efficiently 
under conditions of reduced or suboptimal growth. 
The survival curves of irradiated B. fragili s phages showed either 
exponential inactivation kinetics or a slight shoulder. However, the 
determination of phage inactivation by UV radiation was complicated by 
variations in the e.o . p. of the phages which were affected by the 
growth phase and condition of the host cells . All the B. f r agilis 
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phages tested were more resistant to UV radiation than E.eoli T phages. 
When phage infected host cells were plated onto media containing caffeine 
a slight decrease in phage survival occurred . These results suggested 
that HCR brought about by caffeine-sensitive host cell excision repair, 
did not appear to occur to any great extent in any of the B.fragilis 
phages tested. The isolation of excision repair deficient mutants of 
B. f ragilis appears to be essential for the further elucidation of HCR 
in this strain. In the 2 phages examined some UVR was found to occur 
under anaerobic conditions, but not under aerobic conditions, indicating 
that the host cell repair mechanism responsible for UVR was inhibited 
in the presence of oxygen . A similar result was obtained in the MR 
experiment where some MR was observed under anaerobic conditions but 
not under aerobic conditions . In E.eoli both reactivation processes 
are known to require a functional r ee A gene product . 
The repair of UV-damaged DNA by photoreactivation was shown to be absent 
in the B.fragilis strain examined . Although photoreactivation has 
been found to occur in all the major groups of organisms, there are a 
number of other species of bacteria which also lack photoreactivation. 
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This strain was found to possess an excision repair system . Pyrimidine 
dimers formed in the DNA during UV irradiation were found to be 
excised from the DNA during LHR . Excision repair occurred under both 
anaerobic and aerobic conditions and was found to be similar to the 
short patch excision repair pathway in E. aoli in that it was nutrient 
independent, temperature sensitive, and was inhibited by caffeine and 
acriflavine. Excision repair in B.fragilis appeared to operate most 
efficiently in the absence of rapid growth and DNA synthesis, and was 
largely or solely responsible for LHR and MMR in the strain examined . 
Excision repair also appeared to be responsible for bringing about a 
significant amount of the recovery in irradiated B. fragilis cells as 
evidenced by the presence of a shoulder in the survival curves. The 
shoulder disappeared al most completely when irradiated cells were 
plated onto agar in the presence of caffeine. 
The increase in survi val of cells irradiated under anaerobic conditions, 
seemed to be due to an increased efficiency of repair . It is not known 
whether this enhanced repair was due to the increased efficiency of a 
single mode of repair in the absence of oxygen, or whether a second 
mode or pathway of repair became operational under these conditions. 
The evidence from the LHR experiments however, suggested that a 
second mode of repair came into action . The results from the LHR 
experiments suggested that oxygen inhibits some aspect of "recombination 
repair" resulting in sensitization to UV and the expression of LHR . 
Further evidence for the inhibition of a rea A- like repair system by 
oxygen in B. fragilis was obtained from the UVR and MR experiments 
mentioned previously. The experiments conducted to assess the induction 
of mutagenesis following UV irradiation under anaerobic and aerobic 
conditions also indicated that inducible error-prone (50S) repair only 
occurred under anaerobic conditions . All of these "ree A-dependent" 
processes in B.fragi l is appeared to be extremely sensitive to oxygen, 
and exposure to small amounts of air were sufficient to abolish the 
processes . 
The finding that B.fragilis apparently possess a r ee A-like function 
which is inhibited by oxygen, has a number of implications for future 
studies on the genetics of this organism. The ability of B. f ragilis 
to tolerate substantial exposure to oxygen without loss df viability 
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has been extremely useful in studying this organism, as it has allowed 
many experaments to be performed partially or completely on the 
laboratory bench . However, it is obvious that any attempts to induce 
or study processes which are dependent on such 'ree A'-type of functions 
are bound to fail if carried out under these conditions. In E. eoli, 
processes dependent on r ee A function, include chromosomal recombination 
after conjugation, transduction or transformation; long-patch excision 
repair; post replication repair; inducible error-prone repair; 
mutagenesis induced by some but not all chemical mutagens; the process 
of UVR and MR in some phages; the induction of prophages and possibly 
the induction of some bacteriocins. In the light of these findings 
it is apparent that many of the experiments reported in Part I of this 
thesis need to be reassessed as in virtually every case cells were 
exposed to oxygen at some stage during the procedure . It should be 
noted however, that even when experiments were performed under completely 
anaerobic conditions, the results from investigation of UVR and MR, 
and the induction of mutations after UV irradiation , indicated that 
'ree A' dependent effects in B. fragilis may be less pronounced than 
those occurring in aerobes . In addition, although some of the mutagenic 
agents used in this study are known to act independently of rea A 
function they did not appea r to produce any significant increase i n 
mutation frequency in B. fragilis . Both nitrous acid and frameshift-
mutagens which are known to act independently of rea A function 
(Bernstein et al., 1976; Drake & Baltz, 1976) were found to cause a 
rapid loss in viability with a low yield of mutants in B.fragilis. 
If these preliminary f indings on recombination function in B. fragilis 
prove to be correct then there would seem to be a need to reinvestigate 
a number of the phenomena which have already been studied. A study on 
the frequency of mutations under anaerobic and aerobi c conditions, 
and further studies on inducible repair processes might provide 
information which would allow the induction of mutagenesis to be 
optimized in B. fragilis. Further studies on recombination processes 
with the aim of obtaining chromosomal recombination also seem called 
for. As do studies on induction processes aimed at inducing lysogenic 
phages in this group. 
261 
The isolation of repair-deficient mutants, particularly excision repair-
deficient mutants (uvr ) would allow an investigation of post-replication 
repair, and further characterization of excision repair dependent 
processes, such as survival, LHR, ~IMR and HeR . In addition such 
mutants would be extremely valuable in attempting to characte r ize 
any ' rea A' dependent repair processes which might exist in B. fragilis. 
Strain No 
Pl 
PSl 
PS2 
PS3 
PS4 
PS5 
PS6 
PS7 
PSB 
PBl 
PB2 
PB3 
RBl 
RB2 
RB3 
RB4 
RB5 
RBSl 
RBS2 
RBS3 
RSl 
RS2 
RS3 
RS4 
RS5 
RS6 
RS7 
RSB 
Rl 
R2 
R3 
R4 
RVl 
RV2 
RV3 
RV4 
KEY: 
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APPEN DIX 
CHARACTERISTlCSOF BACTEROIDES STRAINS 
Species Origin 
/ragiZ.is UN 
ff'agi1..ia UN 
fmgiUa UN 
fragilis UN 
fragiUs UN 
fragUis - UN 
fragilis UN 
fragitis UN 
iPagilia UN 
fragitis UN 
fragUis UN 
fragilis UN 
fragiUa UN 
fragilia UN 
fragitis UN 
fl'agitia UN 
f ragiUa UN 
fmgilis VPI(USA) 
VuZgatu8 RU 
Vul.gatus UN 
fragiZia UN 
fragiZ.ia UN 
fragilia UN 
fragilia UN 
fragitis (other) UN 
f mgi tis (other) UN 
fragilis UN 
vu1.gatus UN 
frogilia UN 
fragiZis UN 
iragilia UN 
distasanis UN 
il'Q{}ilia UN 
fragilia UN 
frogil.is UN 
t hetaiotaomicran RU 
Origin 
Phage Sensitivity 
Bacteri oc in Production 
Bacterioc; n Sens; ti vi ty 
Colonial Phase Variation 
Old Phage Bacteriocin Bacteriocin Colonial 
Code sens i ti vi ty production sensitivity phase 
variation 
(P/R) (B) (S) (Vl 
F22 +++ 
- - ± 
Cl ++++ - +++ -
Al ++++ - +++ + 
F14 ++ - +++ + 
F6 ++ - +++ -
F7 ++ - +++ 
FB ++ ± +++ :': 
F13 ++ ± +++ -
F15 ++ - +++ -
02 ++++ ++++ - + 
Ml +++ ++++ - :': 
F2D +++ ++++ - ± 
F16 + ++++ - + 
01 ± ++++ - I + F5 - ++++ - -
FMl - ++++ - I ± 
F2 - ++ ± + 
Fl - ++ +++ -
Rl - +++ ++ ± 
R2 - +++ ++ + 
F3 - - +++ + 
F4 - ± +++ -
F9 - - +++ ± 
FlO - ± +++ + 
FOl 
- -
+++ + 
F02 - - +++ ± 
Sl - - +++ I -
R3 - - +++ i -
F21 - + + I -F17 - t + -
F1B - - + + 
01 - - ± ± 
Fll - - - ++++ 
F12 - - - +t++ 
F19 - - - +t++ 
T1 * - - +t++ (sensiti ve tc 
T phages). 
UN University of Natal . RU Rhodes University 
+t++ Sensitive to all - Not sensitive to any 
++++ Effective against al l sensitives - No production 
++++ Sensitive to all bacteriocins - Not sensitive 
++++ Marked phase variation Very weak/no variation 
NEW COOE FOR STRAINS 
P 
R 
Phage Sensitive Strains 
Phage Resi s tant Strains 
B : Bacteriocin Producing Strains 
S : Bdcteriocin Sensit ive Strains 
V Strains showing Strong Colonia l Phase Variation 
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APPENDIX II 
MEDIA AND SOLUTIONS 
1. PREPARATION OF ANAEROBIC MEDIA AND SOLUTIONS 
Pre-reduced and anaerobically sterilized media and anaerobic solutions 
were prepared according to the methods of Moore (1966) and Hungate (1969). 
Most of the oxygen was driven off by heating. The media and solutions 
were further reduced by the addition of cysteine hydrochloride or 
sodium thioglycollate. They were then flushed with a CO2 + H2 mixture 
and maintained in an anaerobic state in Astell roll tubes with tightly 
fitting rubber stoppers, Hungate tubes, or by storing in anaerobic jars 
or boxes with silica gel in muslin bags. 
All sterilization was done by autoclaving at l2l oC for 20 min unless 
otherwise stated. 
2. GENERAL SOLUTIONS USED IN ANAEROBIC MEDIA 
2.1 CYSTEINE STOCK SOLUTION (prepared freshly each time) 
Cysteine hydrochloride 
distilled H20 
Autoclaved . 
1 ,0 g 
20,0 ml 
1 ml cysteine stock solution was added 
pouring to give a final concentration 
2.2 HEMIN-MENADIONE SOLUTION (H-M) 
2.2.1 Menadione Stock Solution 
Menadione 
95% ethanol 
100 mg 
20 ml 
Filter-sterilized and stored at 40 C 
per 100 ml cooled medium 
-1 of 0,5 mg ml . 
prior to 
2.2 . 2 Hemin Stock Solution 
Hemin 50 mg 
IN NaOH 1 ml 
Dist. H2O 100 ml 
Autoclaved and stored at 4oC. 
2. 2.3 H-M Solution 
Menadione stock 
Hemin stock 
Stored at 4oC. 
1 ml 
100 ml 
1 ml of H-M solution was added per 100 ml cooled medium prior to pouring 
to give a final hemin concentration of 5 ~g ml- l . 
2.3 SODIUM CARBONATE STOCK SOLUTION 
Na2C03 
Dist . H20 
Autoclaved. 
20 9 
100 ml 
2 ml of Na2Co3 stock was added per 100 ml medium to give a final 
concentration of 4 mg ml- l . 
2.4 RESAZURIN STOCK SOLUTION 
Resazurin 
Dist . H20 
20 mg 
100 ml 
1 ml of Resazurin stock was added per 100 ml medium to give a final 
-1 
concentration of 2 ~g ml 
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2.5 SEtH-SOLID ANAEROBIC INDICATOR 
Sodium thioglycollate 0,25 9 
di-sodium tetraborate (borax) 0,4 9 
Agar 0,7 9 
Dist. H2O 100,0 ml 
Resazurin stock soln. 1 ,0 ml 
The indicator was stea~ed for 30 min, dispensed into roll tubes in 5 ml 
amounts and gassed immediately. 
3. GENERAL ANAEROBIC NUTRIENT MEDIA 
3.1 BEEF LIVER MEDIUM FOR ANAEROBES (from the American Type Culture Collection 
3.2 
Catalogue) 
Beef liver (cut up into small pieces) 500,0 9 
Tap water 1 ,0 
The beef liver was soaked overnight in the fridge, the fat skimmed off 
the top, autoclaved for 10 min at 121 0 C and filtered through cheese cloth. 
The meat was saved. To the liquid was added:-
Peptone 10,0 9 
K2HP04 1,0 9 
The pH adjusted to 8,0, filtered through filter paper and the volume made 
up to one 1 itre with tap water . A small amount of CaC03 Vias placed in 
each tube, 1,5 cm of meat was added, covered with broth to a total depth 
of 5 cm, and autoclaved. 
BRAIN HEART INFUSION BROTH 
BHI 3,7 9 18,5 9 
Yeast extract 0,5 9 2,5 9 
Sodium thioglycollate 0,11 9 0,55 9 
Na2C03 0,4 9 2,0 9 
Dist. H2O 100,0 ml 500,0 ml 
Resazurin Stock soln . 1 ,0 ml 5,0 ml 
3.3 
3.3.1 
3.3 . 2 
The medium was steamed for 30 min, 1 ,Oml H-M Soln. was added per 100 ml , 
dispensed into Hungate tubes in 10 ml amounts, gassed immediately and 
autoclaved. 
BRAIN HEART INFUSION AGAR 
Plates 
BHI 3,7 9 
Yeast extract 0,5 9 
Agar 1,5 9 
Dist. H2O 100,0 ml 
The medium was autoclaved, cooled and 
cysteine stock soln. 
Na2C03 stock soln. 
H-M soln. 
1 ,0 ml 
2,0 ml 
1,0 ml 
were added prior to pouri ng. 
Slopes 
BH I 3,7 g 
Yeast extract 0,5 9 
Agar 1,5 9 
Dist. H2O 100,0 ml 
The medium was steamed for 30 min and 
cysteine stock soln. 1 , ° ml 
Na2C03 stock soln. 2,0 ml 
H-M soln. 1,0 ml 
were added, medi um dispensed into 10 ml 
18,5 9 
2,5 9 
7,5 9 
500,0 ml 
5,0 ml 
10,0 ml 
5,0 ml 
18,5 g 
2,5 g 
7,5 9 
500,0 ml 
5,0 ml 
10,0 ml 
5,0 ml 
amounts 
gassed, clamped, autoclaved and sloped. 
in Aste 11 roll tubes, 
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3.3.3 Soft Agar 
BH I 3, 7 9 
Yeast extract 0,5 9 
Na2C03 0,4 9 
Di st. H2O 100,0 ml 
The medium was autoclaved and stored aerobically. It was boiled before 
use, cooled to 500 C in a waterbath and 1 ml H-M soln. added . 
3.4 PEPTONE- YEAST EXTRACT MEDIUM (PY) 
3.4.1 
3.4.2 
Salts Stock Solution 
CaC1 2 (anhydrous) 0,2 9 
MgS04 0,2 9 
K2HP04 1 ,0 9 
K Hl04 -1,0 9 
NaH C03 10,0 9 
NaCl 2,0 9 
H2O 1000,0 ml 
Each component was dissolved separately and then mixed in the above order, 
and stored over 10% chloroform at 40 C. 
PYG Medium 
Glucose 0,5 9 
Peptone 1 ,0 9 
Yeast extract 1 ,0 9 
Salt stock solution 4,0 ml 
Resazurin 1,0 ml 
H2O 100,0 ml 
The medium was autoclaved and 1 ml of cysteine stock solution added, 
dispensed into 10 ml vol umes in Hungate tubes and gassed . 
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4. SPECIAL NUTRIENT MEDIA 
4.1 ANTIBIOTIC MEDIA 
Erythromycin, chloramphenicol and rifampicin were dissolved in 95% 
alcohol, nalidixic acid was dissolved in 0,1 N NaOH. All the other 
antibiotics were dissolved in sterile distilled water. No cysteine 
was added to media incorporating antibiotics. Antibiotic solutions 
were incorporated into media at doubling dilutions for m.i .c. determinations. 
4.1.1 Antibiotic Gradient Plates 
Erythromycin (25 pg ml- l ), Rifampicin (100 pg ml- l ), Vancomycin (15 pg ml- l ), 
Chloramphenicol (60 pg ml- l ), Tetracycline (100 pg ml- l ), Nitrofura ntoin 
(50 pg ml- l ), were incorporated into BHl agar. Ten ml aliquots were 
poured into petri dishes and allowed to solidify in a slanted position. 
Ten ml BHl agar was poured onto this to give a flat surface. 
4.1.2 Antibiotic plates 
Erythromycin (6,25; 12,5 and 25 pg ml- l ), Rifampicin (10 and 20 pg ml- l ), 
Vancomycin (5; 10 and 20 pg ml- l ) and Nitrofurantoin (10 and 20 pg ml- l ) 
were incorporated into BHl agar prior to pouring. 
4.1.3 a) Penicillin - Clavulanic Selective l1edium 
4.1. 3 
Clavulanic acid stock solution: 0,001 g ml- l 
12 500 U ml- l Penicillin stock solution: 
0,1 ml of each was added to 10 ml BHl broth to give final concentrations 
of 10 pg ml- l and 125 U ml- l respectively. 
b) Supplemented P~nicillin - Clavulanic Selective Medium 
BHl broth 
Sucrose 
100 ml 
12 9 
0,25 9 
0,1 ml Clavulanic and penicillin stock solutions were added to 10 mls of 
medium. 
4.2 MEDIA CONTAINING INHIBITORS 
4.2.1 Caffeine plates 
-1 Caffeine (1 mg ml final concentration) was added to BHl agar prior to 
pouring. 
4.2.2 Sodium Arsenite Plates 
Sodium arsenite (100 pg ml- l final concentration) was added to BHl agar 
prior to pouring . 
4.3 ~~EDIA FOR PHASE VARIATION 
4. 3.1 
4.3.2 
pH Plates 
BHl 3,7 9 
Yeast extract 0,5 9 
Sodium thioglycollate 0,11 9 
Dist . H2O 50 ml 
The medium was steamed for 30 min to reduce, 50 ml of a 0,2 M phosphate 
buffer was added (6.2 . 1). The pH was adjusted to the required pH, 1,5 9 
agar was added . The medium was autoclaved, cooled and 1 ml H-M solution 
was added prior to pouring. 
BHl Pl a tes for Phase Variation 
A 
BHl 3,7 
Yeast extract 0,5 
KCl 1 ,0 
Agar 1 ,5 
Di st. H2O 90,0 
9 
9 
9 
9 
ml 
B 
3,7 9 
0,5 9 
1 ,5 9 
100,0 ml 
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The medium was autoc 1aved and 
H-M Soln. 
Cysteine stock soln. 
Na2C03 stock soln. 
10% glucose 
10% sucrose 
1,0 m1 
1,0 m1 
2,0 m1 
5,0 m1 
5,0 m1 
were added prior to pouring. 
4.3.3 BH1 Broths for Phase variation 
BH1 
Yeast extract 
KC1 
Sodium thiog1yco11ate 
Na 2C03 
Dist . H20 
Resazurin stock soln. 
3,7 9 
0,5 9 
1,0 9 
0,11 9 
0,4 9 
90 ,0 m1 
1,0 m1 
1,0 m1 
1,0 m1 
2,0 m1 
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The medium was steamed for 30 min to reduce, 1 m1 H-M solution and 5 m1 
each of 10% glucose and 10% sucrose were added . The medium was dispensed 
into 10 m1 amounts in Hungate tubes, gassed and autoc1aved. 
4.3.4 Blood Agar Base Plates 
Blood aga r base 
KC1 
H2O 
The medium was autoc 1aved 
A 
4,0 
1 ,0 
90,0 
and 
9 
9 
m1 
B 
4,0 9 
100,0 m1 
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A B 
H-M solution 1 ,0 ml 1 ,0 ml 
Cystei ne stock soln. 1 ,0 ml 1 ,0 ml 
Na2C03 stock soln. 2,0 ml 2,0 ml 
10% gl ucose 5,0 ml 
10% sucrose 5,0 ml 
were added prior to pouring. 
4.3.5 Peptone Agar Plates 
A B 
Peptone 1 ,5 9 1 ,5 9 
Tryptone 1 ,5 9 1 ,5 9 
NaCl 0,5 9 0,5 9 
Agar 1,5 9 1,5 9 
KC l 1 ,0 9 
H2O 90,0 ml 100,0 ml 
The medium was autoclaved and 
H-M soln. 1 ,0 ml 1,0 ml 
Cysteine stock sol n. 1 ,0 ml 1,0 ml 
Na 2C03 stock sol n. 2,0 ml 2,0 ml 
10% glucose 5,0 ml 
10% sucrose 5,0 ml 
were added prior to pouring. 
4.3.6 
5. 
5.1 
5.1 .1 
Peptone Broth 
Peptone 
Tryptone 
NaCl 
KCl 
Sodium thioglycoll ate 
Na2C03 
Dist. H2O 
Resazurin stock soln . 
A 
1 ,5 9 
1,5 9 
0,5 9 
1 , ° 9 
0,11 9 
0,4 9 
90,0 ml 
1 ,0 ml 
B 
1,5 9 
1,5 9 
0,5 9 
0,11 9 
0,4 9 
100,0 ml 
1,0 ml 
The medium was steamed for 30 min to reduce, and 
A B 
H-M soln . 1 ,0 ml 1 ,0 ml 
10% glucose 5,0 ml 
10% sucrose 5,0 ml 
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were added. The medium was dispensed into 10 ml amounts in Hungate tubes, 
gassed and autoclaved. 
MINIMAL MEDIA (MM) 
SOLUTIONS FOR MM 
Mineral Solution 
KH 2P04 18,0 9 
NaCl 18,0 9 
CaC1 2 .2H2O 0,53 9 
MgC1 2 .6H2O 0,4 9 
~lnC12 . 4H2O 0,2 9 
CoC1 2 .6H2O 0,02 9 
Made up to 1000 ml with distilled water. Stored over 10% chloroform at 4oC. 
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5.1.2 FeS04 7H20 Stock Solution 
5.1.3 
5. 1 .4 
5. 1 . 5 
5.2 
FeS04 .7H20 0,04 9 
Oist. H20 100,0 ml 
One ml of the solution added to 100 ml medium to give a final concentration 
of 4 )1 g ml- l 
Stored over 10% chloroform at 40 C. 
(NH4)2 S04 Stock Solution (6 mM) 
(NH4)2 S04 
Dist . H20 
0,1588 9 
200 ml 
The solution was autoclaved and 5 ml added per 100 ml medium. 
Glucose Stock Solution 
Glucose 1 ° 9 
100 ml 
The solution was autoclaved and 5 ml added per 100 ml medium to give a 
final concentration of 5 mg ml- l . 
Vit B12 Stock Solution 
-1 A stock solution of 1 )1 g ml was made up with sterile distilled water 
and 0,5 ml was added per 100 ml of medium to give a final concentration 
-1 
of 0,005 )1 g ml . 
LIQUID MINIMAL MEDIUM (Varel & Bryant, 1974) 
Mineral soln. 5,0 ml 25,0 ml 
FeS04 stock soln. 1 ,0 ml 5,0 ml 
(NH4)2 S04 stock soln. 5,0 ml 25,0 ml 
Resazuri n stock soln . 1 ,0 ml 5,0 ml 
Dist. H2O 79 ml 395 ml 
Sodium thioglycollate 0,11 9 0,55 9 
The medium was autoclaved and 
Glucose stock sol n. 5,0 m1 25,0 m1 
Vit B12 stock soln. 0,5 m1 2,5 m1 
H-M so 1 n. 1 ,0 m1 5,0 m1 
Na2C03 stock sol n. 2,0 m1 10,0 m1 
were added aseptically then dispensed into sterile Hu nga te tubes in 10 m1 
amounts, gassed immediately using sterile needles. 
An adaptation to Vare1 and Bryant's minimal broth was made by Van Tassell 
and Wilkins (1978) by su bstituting 0,1 M phosphate buffer for Na 2C03. 
5.3 MINIMAL AGAR 
5.3.1 Vare1 and Bryant Minimal Agar 
Mineral soln. 
Fe504 stock soln. 
(NH4)2 504 stock soln. 
Agar (BBL purified) 
Dist. H20 
5,0 m1 
1,0 m1 
5,0 m1 
1 ,5 g 
79,0 m1 
The medium was autoc1aved and 
Glucose stock soln. 
Vit B12 stock soln. 
H-M soln. 
Cysteine stock soln. 
Na 2C03 stock soln. 
were added prior to pouring. 
5,0 m1 
0,5 m1 
1,0 m1 
1,0 m1 
2,0 m1 
25,0 m1 
5,0 m1 
25,0 m1 
7,5 g 
395, 0 m1 
25,0 m1 
2,5 m1 
5,0 m1 
5,0 m1 
10,0 m1 
5.3.2 VPI Minimal Agar (van Tassell & Wilkins, 1978) 
VPI minimal agar was prepared by adding the essential components of Vare1 
and Bryant's medium to E.coli minimal A medium. 
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5.4 
5.4.1 
A. (NH4)2 S04 1 ,0 9 
Na Citrate 0,25 9 
KHl04 3,5 9 
K2H P04 4,0 9 
MnC1 2 .4H2O 0,0005 9 
MgC1 2 .6H2O 0,01 9 
The salts were dissolved in 175 ml H20, the pH adjusted to 6,65, then 
autoclaved. 
B. FeC1 3 .6H20 
CaC1 2 .2H20 
Agar (BBL purified) 
0,0015 9 
0,015 9 
7,5 9 
275 
The salts were dissolved in 250 ml H20 by steaming for 30 min. The solution 
autoclaved, cooled to ~ 600C and added to soln A. 
Glucose stock soln 
H-M soln 
Cysteine stock soln 
Na2C03 stock soln 
Vit B12 stock soln 
were added pri or to pouri ng. 
SUPPLEMENTED MINIMAL MEDIA 
50,0 ml 
5,0 ml 
5,0 ml 
10,0 ml 
2,5 ml 
Vitamin supplement (B-vitamin solution 
Stock soln 
of vitamins 
thiamin-hydrochloride 10 mg ml -1 
calcium-D-pantothenate 10 mg ml -1 
nicotinamide 10 mg ml -1 
riboflavin 10 mg ml- l 
pyridoxine-hydrochloride 10 mg ml -1 
Varel & Bryant, 1974) 
Vol .of stock Fina 1 
added to make concentration 
100 mls of of vi tami ns in 
vitamin soln vitamin mixture 
2 ml 200 jJg ml -1 
2 ml 200 jJg ml -1 
2 ml 200 jJ g ml -1 
2 ml 200 jJg ml -1 
2 ml 200 jJg ml- l 
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p-ami nobenzoi c acid 1 mg ml -1 1 ,0 ml 10 )1 g ml -1 
bi otin mg ml -1 0,25 ml 2,5 )1 g ml -1 
folic acid mg ml -1 0, 25 ml 2,5 )1 g ml- l 
vitamin B12 mg ml -1 0,1 ml 1 ,0 )1 g ml -1 
0,5% (V/V) B-vitami n solution was added to medium 
5. 4.2 Amino Acid Supplement 
Amino acid stock solution 
L-histidine- hydrochloride 50 mg 
L-tryptophan 50 mg 
Glycine 50 mg 
L-tyrosine 50 mg 
L-arginine-hydrochloride 100 mg 
L-phenyla l anine 100 mg 
L-methionine 100 mg 
L-threonine 100 mg 
L-alanine 100 mg 
L -lys i ne 150 mg 
L-serine 150 mg 
L-valine 150 mg 
L-isoleucine 150 mg 
L-proline 150 mg 
L-aspartic acid 150 mg 
L-leucine 200 mg 
L-glutamic acid 448 mg 
The amino acids were dissolved in 100 ml distilled water and added to t he 
medium at a concentration of 20% (v/v). 
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5.4 . 3 Additional supplements 
Casamino acid, casitone (Difco vitamin free), and tryptone stock solutions: 
10 gm dissolved in 100 ml dist. H20. Two ml was added to 100 ml minimal 
broth to give a final concentration of 2 mg ml -1 
Casitone/peptone stock solution: 5 gm of each were added to 100 ml dist. H20. 
Two ml was added to 100 ml minimal broth to give a final concentration of 
1 mg ml- l each. 
5. 5 SPECIALIZED MINIMAL MEDIA 
5.5.1 a) Penicillin-Clavulanic Minimal Medium 
5.5.1 
0,1 ml peni cillin and clavulanic stock solutions were added to 10 ml of 
-1 - 1 
minimal broth to give final concentrations of 125 U ml and 10 ~g ml 
respectivel y. 
b) Supplemented Penicillin-Clavulanic Minimal Medium 
Minimal broth 100,0 ml 
Casamino acid stock soln 2,0 ml 
Sucrose 12,0 9 
MgS04 0,25 9 
0,1 ml of penicillin and clavulanic stock solutions were added to 10 ml 
of supplemented min imal broth. 
5. 5. 2 Sulphanilamide Supplement Liquid Minimal Medium 
Minimal medium 
Sulphanilamide 
Casamino acid 
Xanthine 
5-Bromouracil 
Uraci 1 
supplemented with 
-1 1000 ~ g ml 
-1 1000 ~ g ml 
-1 25 ~ g ml 
-1 50 ~ g ml 
-1 2.5 ~ g ml 
5.5.3 Phase Variation Minimal Medium 
6. 
6.1 
6.1 . 1 
Mineral solution 
FeS04 stock soln 
(NH4)2 S04 stock soln 
KCl 
Agar 
H20 
The medium was autoclaved and 
H-M soln 
Cysteine stock soln 
Na2C03 stock soln 
Vit B12 stock soln 
10% glucose 
10% sucrose 
were added pri or to pouri ng . 
BUFFERS 
PHAGE BUFFER 
T2 Buffer 
Solution A. KH2 P04 
NaCl 
Anhydrous Na2HP04 
K2S04 
CaC1 2 
Dist H2O 
Stored over 10% chloroform . 
A 
5,0 ml 
1 ,0 ml 
5,0 ml 
1 ,0 9 
1,5 9 
75,0 ml 
1 ,0 ml 
1 ,0 ml 
2,0 ml 
0,5 ml 
5,0 ml 
5,0 ml 
7,5 9 
20,0 9 
15,0 9 
25,0 9 
0,055 9 
1000 ml 
B 
5,0 ml 
1 ,0 ml 
5,0 ml 
1,5 9 
85,0 ml 
1 ,0 ml 
1 ,0 ml 
2,0 ml 
0,5 ml 
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Solution B. MgSO 4 4,8 9 
Di st. H2O 100,0 m1 
Autoc1aved . 
Solution C. Gelatin 0,2 9 
Dist. H2O 100,0 m1 
Autoc1aved . 
To make up: So ln A 40,0 m1 
di st. H2O 158,0 m1 
Sol n B 1 ,0 m1 
Soln C 1 ,0 m1 
Autoc1aved. 
6.2 GENERAL BUFFERS 
6.2.1 Phosphate Buffer 0,2 M 
A. 0,2 M soln of NaHzP04 .2H2O 
B. 0,2 M soln of Na2H P04 
pH A B 
5,8 46,0 4,0 
6,0 43,85 6,15 
6,2 40,75 9,25 
6,4 36 ,75 13,25 
6,6 31 ,25 18,75 
6,8 25,5 24,5 
7,0 19,5 30,5 
7,2 14,0 36,0 
7,4 9,5 40,5 
7,6 6 ,5 43,5 
7,8 4,25 45,75 
8,0 2,65 47,35 
6.2 . 2 
6.2.3 
7. 
7.1 
7.1.1 
7.1. 2 
Tris Buffers 
i) 0,02 M Tris HCl buffer, pH 8 adjusted with HC1. 
ii) 0,1 M Tris HCl buffer, pH 7,6 adjusted with HC1. 
iii) 0,1 M Tris maleate buffers, pH 6,0 and 9,0. 
12,1 9 Tris + 11,6 9 maleic acid or 9,8 9 maleic anhydride in 
1000ml distilled H20, adjusted to pH 6,0 and 9,0 with NaOH. 
3 M Acetate Buffer 
3 N acetic acid 
3 N NaOH 
pH adjusted to 4,5. 
HOLDING SOLUTIONS 
100 ml 
43 ml 
AEROBIC HOLDING SOLUTIONS 
Ringer Solution (RS) 
NaCl 2,25 9 
KCl 0,105 9 
CaC1 2 0,12 9 
NaHC03 0,05 9 
Dist. H2O 1 ,0 1 
Anaerobe Solution 
Mineral Solution I 
K2HP04 0,6 9 
Dist. H2O 100,0 ml 
Stored over chloroform in fri dge. 
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7.1 .3 
Mineral Solution II 
NaCl 
(NH4)2 S04 
KH 2P04 
CaC1 2 (anhydrous) 
MgS04 .7H20 
Dist. H20 
1,2 9 
1,2 9 
0,6 9 
0,12 9 
0,25 9 
100,0 ml 
Constituents dissolved one at a time in the above order. 
chloroform in fridge. 
To make up 
Mineral solution I 7,5 ml 
Mineral solution II 7,5 ml 
H2O 100,0 ml 
dispensed aerobi ca 11y in Hungate tubes in 9 ml volumes. 
Minimal Salt Solution 
Mi nera 1 soln 5 ml 
FeS04 . 7H2O 1 ml 
(NH4)2 S04 5 ml 
Dist . H2O 90 ml 
dispensed aerobi ca 11y in Hungate tubes in 9 ml volumes. 
Stored over 
Autoclaved . 
Autoclaved. 
7.1.4 BHl Solution 
BHl 
Yeast extract 
3,7 9 
0,5 9 
100 ml 
Steamed for 30 min to dissolve, dispensed aerobically in Hungate tubes in 
9 ml volumes and autoclaved. 
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7.2 ANAEROBI C HOLDI NG SOLUTIONS 
7. 2. 1 
7. 2.2 
7.2.3 
Ringer Solution (RS) 
Ringer solution 100,0 ml 
Sodium thioglyco11ate 0,11 g 
Na2C03 0,4 g 
Resazurin stock soln. 1 , ° ml 
Steamed for 30 min to reduce . Dispensed into 9 ml volumes, gassed and 
autoclaved. 
Anaerobe Solution (AS) 
Mineral solution I 7,5 ml 
Mineral solution I I 7,5 ml 
Sodium thioglyco11ate 0,11 9 
Na2C03 0,4 9 
Dist . H2O 85,0 ml 
Re sazurin stock soln. 1 ,0 ml 
Steamed for 30 min to reduce, dispensed into Hungate tubes in 9 ml volumes, 
gassed and autoclaved. 
Minimal Salt Solution (MS) 
~li nera 1 salts 5,0 ml 
FeS04 .7H2O 1 ,0 ml 
(NH4)2 S04 5,0 ml 
Dist. H2O 90,0 ml 
Sodium thioglyco11ate 0,11 9 
Na2C03 0,4 9 
Resazurin stock soln . 1 , ° ml 
Steamed for 30 min to reduce. Dispensed into 9 ml volumes, gassed and 
autoclaved. 
7.3 
7.3.1 
7.3.2 
7.3.3 
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HOLDING SOLUTIONS WITH ADDITIVES 
Inhibitors 
Caffeine, sodium arsenite and acriflavine were added to liquid holding 
solutions at final concentrations of, caffeine:-
sodium arsenite:- 100 ~ g ml- l , and acriflavine:-
Antibiotics 
2,5 ; 
0,25; 
-1 5,0 and 50 mg ml , 
-1 1,0 and 2,5 ~g ml 
Chloramphenicol and nalidicic acid were added to liquid holding solutions 
at final concentrations 
acid:- 150, 300 and 600 
Nutrients 
of,chloramphenicol:-
-1 ).1g ml 
1 and 10 ).1 g ml- l and nalidicic 
Yeast extract, peptone and peptone with tryptone were added to liquid holding 
solutions at final concentrations of yeast extract:- 0,75 mg ml- l , peptone:-
15 mg ml- l and 15 mg ml- l peptone with 15 mg ml- l of tryptone (30 mg ml- l ). 
APPENDIX III 
THE FORMATION OF SIMPLE FRUITING BODY-LIKE STRUCTURES 
ASSOCIATED WITH SPORULATION UNDER AEROBIC CONDITIONS IN 
CLOSTRIDIUM ACETOBUTYLICUM 
The following work which forms part of a general program 
on anaerobic bacteria, was undertaken during the project 
on the Bacteriode s fragiZis group, and has been ac cepted 
for publication (Journal of General Microbiology, 1980) 
INTRODUCTION 
The only group of bacteria known to produce differentiated fruiting 
bodies are the myxobacteria (Dworkin, 1966, 1973). Fruiting bodies 
produced by the myxobacteria vary from simple mounds of cells formed 
by MYxococcus to elaborate lobed forms found in the higher myxo-
bacteria (PoZyangiaceae ). Within the fruiting body the individual 
vegetative cells lose their gliding motility and become resting 
cells (myxospores) which in some species are contained within cysts 
and in others occur as an undifferentiated mass. Although a number 
of other bacteria do show rudimentary multicellular organization 
{e.g. Actinomycetes (Chater & Hopwood, 1973) ) no other group is 
known to produce fruiting body- l ike structures. 
During a study of bacteriocin production by Clostridium acetobuty-
licum (Barber et al., 1979), we observed the formation of elongated 
macroscopic structures resembling fruiting bodies . We describe 
here the production and nature of these structures . 
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METHODS 
The Clostridium acetobutylicum strain was supplied by National 
Chemica l Products Ltd., Germiston, South Africa. It was grown 
on the potato medium of Barber et al . (1979). Samples (0,5 g) 
of soil spore cultures of C. acetobutylicum was first heat-
shocked in 3 ml 0,85% (w/v) NaCl at 700 C for 2 min before being 
inoculated into potato broth. Cultures were incubated at 340 C 
for 18 h and plated on potato agar. Duplicate plates were 
incubated in BBL GasPak jars for a further 48 h. One set of 
plates was then removed and incubation was continued aerobically 
at 200 C and the other set was retained under anaerobic conditions 
at 200 C. Colonies from each set of plates were examined macro-
scopically and microscopically every 2 d for 28 d. Spore and 
viability counts were carried out on colonies from both sets of 
plat es. Wet-mounted specimens were observed with a Zeiss photo-
microscope fitted with phase contrast optics. Metal-shadowed 
specimens were examined with a Jeol JSN U3 scanning electron 
microscope. Photographs of the macroscopic structures were taken 
with a Pentax SP 500 camera fitted with close-up rings. 
RESULTS 
Aerobic fruiting body-like structures 
Plates containing isolated colonies of C. acetobutylicum were grown 
under anaerobic conditions for 2 d and then incubated aerobically 
for up to 4 weeks. Under aerobic conditions the colonies developed 
into unique elongated macroscopic structures which reached a height 
of> 10 mm over 3 to 4 weeks (Fig. la, b) . These structures only 
developed in isolated colonies under aerobic conditions and crowding 
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inhibited their development. The final shape of the macroscopic 
structures depended on the size of the colony at the time of 
transfer to aerobic conditions . Small colonies produced tall 
slender structures with a distinct helical twist (Fig. la) and 
large colonies produced shorter thicker structures . 
Dissection and microscopic examination of the elongated structures 
indicated that they were associated with sporulation. Healthy rod-
shaped vegetative cells and sporulating cells were restricted to the 
basal region of the structure (Fig. le). The trunk region contained 
mainly free spores (refractile bodies ) and no sporulating cells were 
observed (Fig. If). There were only a few cells in the trunk region 
and they were either granulated or lysed in appearance. 
Vegetative rods and spores within the macroscopic structure were -
surrounded by an extracellular substance which formed a tough pliable 
sheath around the colony. The difference between the surface layer 
(sheath) and the contents of the elongated colony was clearly seen 
unde r the scanning electron microscope in colonies which had been 
fractured during preparation (Fig. lc, d). Closely packed vege-
tative rods near the surface appeared to be covered by a fibrous 
sheath (Figs. ld and 2a). 
The difference between the surface of an elongated structure and 
the surface of an anaerobic colony is shown in Fig . 2 (a,b). In 
the anaerobic colony the individual rod-shaped cells were clearly 
visible, whereas in the elongated structure the cells were covered 
by the fibrous sheath . Material from the sheath was dispersed in 
aqueous solution and observed microscopically . Most of the indivi-
dual rods appeared to have lysed and were surrounded by an extra-
cellular layer of refractile material (Fig. 19). 
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It was possible to scrape out the soft inner contents of the 
elongated structure so that only the tough pliable outer sheath 
remained. After the removal of the inner contents the sheath 
became hard and brittle. When the surface of the elongated 
structure was damaged by cutting away the sheath and exposing 
the inner contents to air, a new tough pliable sheath was 
rapidly reformed over the damaged area. 
Preliminary studies on the chemical composition of the sheath 
material indicated that it was proteinaceous. It was degraded 
by the proteolytic enzyme Pronase (Miles-Seravac) but unaffected 
by cellulysin (Calbiochem) or lysozyme (Miles-Seravac). It was 
soluble in sodium dodecyl sulphate but insoluble in water, hot 
al cohol, chloroform, ether, acetone, butanol, 2M-HCl or 5~1-NaOH. 
A solution of sheath material in sodium dodecyl sulphate absorbed 
ultraviolet light (280 nm) and could be assayed by the Folin-
Ciocalteau test for proteins. 
Aerobic development of fruiting body-like structures 
The development of the elongated structures was related to the 
amount of sporulation which occurred within the colony. Sporula-
tion in c. acetobutylicum grown on potato agar, under both aerobic 
and anaerobic conditions, was dependent on the crowding of the 
colonies on the surface of the plates. The closer the colonies 
were together, the lower the proportion of cells which sporulated. 
Crowded colonies did not produce the elongated sporulating 
structures . 
After 48 h growth under anaerobic conditions, isolated colonies 
were greyish white, very flat with a diffuse margin (Fig. 2c), 
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and contained only vegetative rods. After 48 h the cells with-
in the isolated colonies began to sporulate under both anaerobic 
and aerobic conditions. The area of sporulation developed from 
the centre of aerobic colonies and was easily visible as a 
thicker and more opaque zone (Fig. 2c). This zone gradually 
spread outwards until after 3 to 4 d the entire colony was 
uniformly thick and opaque . The colony continued to develop 
vertically and over 14 d the proportion of rods which were 
healthy in appearance remained constant at about 30% of the total 
cell population. Sporulating cells accounted for about 60% of 
the cells. After 14 d the number of rods and sporulating cells 
decreased, with a concomitant increase in the number of free 
spores (about 30%) and granulated or lysed rods (about 60%). 
In crowded colonies little growth occurred after 48 h. The 
colonies did not increase in size and remained thin and greyish 
white. After 6 d about 80% of the cells were granulated or 
lysed rods, the remainder being vegetative rods and sporulating 
cells. Only a few free spores were present after 10 d and after 
21 d about 10% of the cells were free spores. 
Anaerobic colony development 
Under anaerobic conditions, isolated colonies produced typical 
flat spreading colonies which continued to increase in diameter 
over a period of 28 d. After 14 d, when the colonies were about 
5 mm in diameter, large spreading fans grew out from the margins 
(Fig . 2d, f); these consisted entirely of vegetative rods (Fig. 
2e) which contrasted with the actively sporulating cells making 
up the rest of the colony (Fig. 2e). 
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DISCUSSION 
Under aerobic conditions isolated colonies of the anaerobe 
C. acetobutylicum produced an elongated structure which 
contained a high proportion of sporulating cells and free 
spores enclosed in a tough pliable sheath. This structure 
seemed to be intermediate between the ordinary bacterial 
colony and the elaborate multicellular fruiting bodies formed 
by myxobacteria, and could be regarded as an example of 
primitive multicellular differentiation. 
We have recently examined two other strains of C. acetobutylicum 
(ATCC 824 and ATCC 10132) but have not as yet observed the 
production of fruiting body-like structures. However, these 
strains do not grow as well as our strain on potato agar. 
The production under aerobic conditions of an extracellular 
proteinaceous substance which rapidly hardens on exposure to 
air to form a sheath is interesting. An obvious suggestion is 
that it acts as a protective barrier against oxygen . Clostridium 
acetobutylicum and most other clostridia are fairly strict 
anaerobes. Free oxygen inhibits growth but C. acetobutylicum 
can grow in liquid culture in the presence of air provided a 
sufficiently low oxidation reduction potential is established 
in the medium (Morris & O' Brien, 1971; O'Brien & Morris, 1971) . 
Clostridium acetobutylicum will not normally grow on solid 
media under aerobic conditions. Clostridium histolyticum, 
C. tertium and C. carnis are exceptional in being able to grow 
aerobically to a limited extent (Wilson & Miles, 1975). Small 
but visible colonies are formed on blood agar plates but no 
spores are produced. 
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Under anaerobic conditions on potato agar, C. acetobutylicum 
produced flat spreading colonies with fans of vegetative cells. 
This contrasts with the report of Hastings (1978) who observed 
that on a molasses agar (under anaerobic conditions) colonies 
darken slightly and grow in the form of a truncated cone, 2 to 
3 mm high, with a concave top. We have only observed the 
production of the elongated structures, which are not truncated 
and do not have a concave top, under aerobic conditions. 
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FIG. 1: Scanning electron micrographs (a to d) and 
photomicrographs (e to g) showing the morphology and 
structure of elongated fruiting body-like structures 
produced by C. aoetobutyZioum. (a) Elongated structure 
with a helical twist; (b) development of elongated 
structures over a 4 week period (right to left); 
(c,d) fractured elongated structures showing the 
tough pliable sheath; (e) vegetative rods and 
sporulating cells from the basal region of the 
structure; 
(refractile 
(f) trunk region showing free spores 
bodies) and a few cells which were 
either granulated or lysed in appearance; 
(g) sheath material dispersed in an aqueous 
solution showing lysed rods surrounded by 
extracellular refractile material. 
291 
100 jJm 
• 
(9) 
/ 
-• 
20 jJm 30 I1IR 
• 
" 
" 
, 
• 
292 
• 
• 
FIG. 2: Scanning electron micrographs (a,b) and 
photomicrographs (c to f) showing the morphology and 
structure of aerobic and anaerobic colonies of 
C. acetobut yZicum. (a) Surface of an aerobic 
elongated structure; (b) surface of an anaerobic 
colony; (c) greyish white flat colonies after 48 h 
growth under anaerobic conditions (left) and the 
development of the thicker central sporulating 
zone after 72 h (right); (d) anaerobic colonies 
showing the spreading fan of vegetative cells; 
(e) sporulating cells from the centre of anaerobic 
colonies (left) and vegetative rods from the fan 
region of an anaerobic colony (right); 
(f) spreading fan of an anaerobic colony . 
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